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ABSTRACT 
 
Hexahomotrioxacalix[3]arene as the new generation of supramolecular host molecules, 
it can provide a suitable binding environment for species that require trigonal-planar, 
tetrahedral or octahedral coordination. Based on this excellent structure characteristic, 
homooxacalix[3]arenes have been used as ideal molecular platforms for the development of 
chemosensors in the molecular recognition of chemical and biological targets. In this 
dissertation, we explored the application of hexahomotrioxacalix[3]arene to develop novel 
fluorescent chemosensors. 
Firstly, a novel quinoline-functionalized homooxacalix[3]arene was synthesized via 
Click chemistry and its chemosensing properties with various metal ions were investigated. 
The designed chemosensor exhibited a high selectivity and antidisturbance for Fe3+ among 
environmentally and biologically relevant metal ions, leading to a prominent off-on-type 
fluorescent signaling behavior. Further study demonstrates the detection limit on 
fluorescence response of the sensor to Fe3+ is down to 10−7 M range. 
Secondly, a upper rim pyrene-functionalized hexahomotrioxacalix[3]arene, which can 
be utilized as a highly selective and sensitive fluorescent chemosensor to Hg2+ with a 
detection limit in nM level. Interestingly, the quenched fluorescence emission can be 
successfully revived upon the addition of water. In this process, the heavy atom effect and 
blocking thereof were demonstrated within the same system by the use of a C3-symmetric 
homooxacalix[3]arene scaffold.  
Finally, a new type of chemosensor-based approach to the detection of 2,4,6-
trinitrophenol (TNP) is described. Two hexahomotrioxacalix[3]arene based chemosensors 
were synthesized through click chemistry, which exhibited high binding affinity and 
selectivity toward TNP as evidenced by UV-vis and fluorescence spectroscopy studies. 1H 
NMR titration analysis verified that CH⋯O hydrogen bonding is demonstrated as the mode 
of interaction, which possibly facilitates effective charge-transfer. 
In summary, it is believed that the excellent recognition properties of these receptors in 
this present thesis would help to expand the application of the hexahomotrioxacalix[3]arene 
skeleton in the design and synthesis of novel fluorescent chemosensors. 
 TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS………………………………………………………………ⅰ 
ABSTRACT………………………………………………………………………………ⅱ 
TABLE OF CONTENTS…………………………………………………………………ⅲ 
Chapter 1 
Recent Development of Fluorescence Chemosensors Based on Calixarene Derivatives 
1.1 General Introduction of Calixarene……………………………………………………2 
1.2 General Introduction of Fluorescent Chemosensor……………………………………6 
1.2.1 Photoinduced Electron Transfer (PET) …………………………………………6 
1.2.2 Photoinduced Charge Transfer (PCT) …………………………………………7 
1.2.3 Excimer Formation………………………………………………………………9 
1.2.4 Fluorescence Resonance Energy Transfer (FRET)………………………………9 
1.3 Calixarene-based Fluorescent Chemosensors…………………………………………11 
1.3.1 PET Chemosensors……………………………………………………………11 
1.3.2 PCT Chemosensors……………………………………………………………14 
1.3.3 Excimer Chemosensors…………………………………………………………16 
1.3.4 FRET Chemosensors……………………………………………………………19 
1.3.5 Other Chemosensors……………………………………………………………21 
1.4 Conclusions……………………………………………………………………………27 
1.5 References……………………………………………………………………………27 
Chapter 2 
Click Synthesis of Quinoline-functionalized Homooxacalix[3]arene as Turn-on 
Fluorescence Chemosensor for Fe3+ 
2.1 Introduction……………………………………………………………………………36 
2.2 Results and Discussion…………………………………………………………………37 
2.2.1 Synthesis and Characterization of Chemosensor L……………………………37 
2.2.2 Chemosensing Properties of L for Fe3+…………………………………………38 
2.2.3 Sensing Mechanism of L for Fe3+………………………………………………43 
2.3 Conclusions……………………………………………………………………………45 
2.4 Experimental Section…………………………………………………………………46 
2.4.1 General…………………………………………………………………………46 
2.4.2 General Procedure for Synthesis of Sensor L…………………………………46 
2.4.3 General Procedure for the UV-vis and Fluorescence Titrations………………47 
2.5 References……………………………………………………………………………47 
Chapter 3 
A Novel Fluorescence “On–Off–On” Chemosensor for Hg2+ via a Water-assistant 
Blocking Heavy Atom Effect 
3.1 Introduction……………………………………………………………………………52 
3.2 Results and Discussion…………………………………………………………………53 
3.2.1 Synthesis and Characterization…………………………………………………53 
3.2.2 Chemosensing Properties of L…………………………………………………54 
3.3 Conclusions…………………………………………………………………………66 
3.4 Experimental Section…………………………………………………………………66 
3.4.1 General…………………………………………………………………………67 
3.4.2 Materials………………………………………………………………………67 
3.4.3 General Procedure for the UV-vis and Fluorescence Titrations………………69 
3.5 References……………………………………………………………………………69 
Chapter 4 
Click-modified Hexahomotrioxacalix[3]arenes as Fluorometric and Colorimetric 
Dual-modal Chemosensors for 2,4,6-Trinitrophenol 
4.1 Introduction……………………………………………………………………………73 
4.2 Results and Discussion…………………………………………………………………74 
4.2.1 Syntheses of Fluorescent Chemosensors 1 and 2………………………………74 
4.2.2 Fluorescence and UV-vis Spectroscopy Studies………………………………76 
4.2.3 Proton NMR Titration Analysis…………………………………………………85 
4.3 Conclusions……………………………………………………………………………87 
4.4 Experimental Section…………………………………………………………………87 
4.4.1 General…………………………………………………………………………87 
4.4.2 General Procedure for Synthesis of Chemosensors 1 and 2 ……………………88 
4.4.3 General Procedure for the UV-vis and Fluorescence Titrations ………………89 
4.5 References……………………………………………………………………………89 
Summary…………………………………………………………………………………93 
Publications………………………………………………………………………………96 
Wu Chong                                                                                                             Saga University, Japan 
- 1 - 
 
Chapter 1 
Recent Development of Fluorescence Chemosensors Based 
on Calixarene Derivatives  
 
 
 
 
 
 
 
 
 
In this chapter a shortly review focus on the development of fluorescence chemosensors 
based on calixarene derivatives. 
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1.1 General Introduction of Calixarene 
Molecular recognition plays a crucial role in biological systems and is fundamental for 
many applications in biological, medical, environmental, and chemical sciences.1 There is 
considerable interest in developing efficient artificial receptors for molecular recognition and 
sensing. In the last decades, there has been significant progress in exploring artificial 
receptors for molecular recognition.2 However, the design and synthesis of artificial receptors 
possesses high binding affinity, selectivity, and sensitivity to a targeted analyte is still a great 
challenge. 
Supramolecular chemistry has provided solutions in the search for molecular structures 
that can serve as building blocks for the production of various receptors for charged species 
or neutral molecules. A relatively new class of synthetic macrocyclic building blocks has 
emerged among molecular receptors of numerous types, capable of binding specific 
substrates with high efficiency and selectivity.3 Calixarenes4 have been actively studied and 
utilized as the third generation of host compounds in addition to the well-known crown 
ethers5 and cyclodextrins.6 They are a class of supramolecular building blocks or platforms 
offer not only boundless possibilities for chemical modification, but also make them 
extremely useful in the study of molecular recognition and supramolecular processes. 
Calixarenes 1n can be synthesized by the base-catalyzed condensation of para-substituted 
phenols with formaldehyde (Scheme 1). By selecting appropriate reaction conditions, 
analogues of a given number of phenolic units can be selective synthesized;7 even those 
having as many as 20-phenol units have been obtained (calix[20]arene).8 Thus, it is possible 
to control the cavity size according to the desired purposes. Furthermore, since a 
calix[n]arene is constructed from alternating phenol and methylene groups, chemical 
modification of the parent entity can be readily achieved by relying on the traditional phenol 
chemistry. Thus, various functional groups can be introduced by etherification or 
esterification at the phenolic hydroxy groups and electrophilic substitution at the para-
positions of the phenol nuclei.9 
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Scheme 1. Synthesis of Calix[n]arenes. 
The name of calixarenes was suggested to Gutsche by inspection of the CPK molecular 
model of the cyclic tetramers (Figure 1), which shows a cuplike structure resembling a Greek 
vase (calix in Latin and Greek) when all four aryl groups are oriented in the same direction. 
Calixarene nomenclature is based on the number of phenolic units in the ring, thus, 
calix[4]arene and calix[6]arene have 4 and 6 benzene rings, respectively.10 Two regions can 
be distinguished in calixarenes (Figure 1), namely, the phenolic OH groups region and the 
para position of the aromatic rings, which are respectively called the lower rim and the upper 
rim, implying that the calixarene structure is drawn with the OH groups pointing downward 
(endo) and the para-substituents pointing upward (exo).11 
 
Figure 1. (a) The 3D representation of calix[4]arenes with an indication of the nomenclatures used to 
identify the two rims, (b) the CPK model, and (c) the Greek vase that inspired their name. 
Calixarene possess characteristic conformational features unlike other host molecules 
such as crown ethers and cyclodextrins. In particular, the phenol units of calix[4]arene 14 can 
rotate via the hydroxy group, going through the macrocyclic ring comprised of the phenol 
and methylene units in solution (Figure 2a). However, rotation of the individual phenol unit 
of 14 can be blocked by introducing a substituent bulkier than a propyl group to the hydroxy 
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group, and then four conformers can be isolated as stable isomers under the usual conditions 
(Figure 2b). This indicates that the molecular framework of calixarenes can be fabricated to 
be flexible or rigid, depending on the particular requirements for the host. This adds 
complexity to the conformational analysis of calix[4]arene derivatives but widens the 
functions of the host molecules due to the varying structures.12 
 
 
Figure 2. (a) Rotation of phenol ring of calixarene, (b) The four conformers of calix[4]arene 14 (cone, 
partial cone, 1,3-alternate and 1,2-alternate). 
It may be noted that, beyond the carbon bridges skeleton, calixarene-like macrocycles 
containing sulfur atoms as bridges (thiacalixarenes) were also synthesized.13 They were then 
quickly followed by others containing oxygens (oxacalixarenes),14 nitrogen 
(azacalixarenes),15 or other heteroatoms (heteracalixarenes).16 A further addition came with 
the advent of macrocycles containing more than one bridging atom (homocalixarenes, 
homooxacalixarenes, or homoheteracalixarenes).17 Beyond the benzenoid rings, several 
others aromatic and heteroaromatics rings, such as naphthalene, pyrrole, pyridine, etc., were 
also used to construct macrocycles that bear resemblance to calixarenes giving rise to 
heteracalixaromatics, such as calixpyrroles, calixpyridines, calixnaphthalenes, etc (Figure 
3).18 These macrocycles extended the application of calixarenes in molecular recognition. 
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Figure 3. Examples for heteracalixarenes and heteracalixaromatics. 
In comparison to the structural characteristics of the calixarene family, the 
homooxacalix[3]arene have received great attention for the following reasons: (i) 
homooxacalix[3]arene has a cavity composed of an 18-membered ring, which is comparable 
with that of calix[4]arene composed of a 16-membered ring; (ii) the rate of ring inversion for 
homooxacalix[3]arene should be much faster than that for calix[4]arene because of the 
flexibility of the ethereal linkages; (iii) there are only two possible conformations (cone and 
partial-cone), in contrast to four possible conformations in calix[4]arene, so that the 
conformational isomerism is much more simplified; (iv) ethereal ring oxygens may act 
cooperatively with phenolic oxygens upon the binding of metal ions; and (v) the basic 
structure has C3 symmetry which is expected to be particularly useful for the design of 
receptors for alkylammonium cations.19 
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1.2 General Introduction of Fluorescent Chemosensor 
In recent years, the development of methods to recognize and sense biologically and 
environmentally important species has emerged as a significant target in the field of chemical 
sensors.20 Several methods, such as high-performance liquid chromatography, mass 
spectrometry, atomic absorption spectroscopy, inductively coupled plasma atomic emission 
spectrometry, electrochemical sensing, etc., have been developed to analyze the targets 
concerned.21 However, these methods suffer from extensive and time-consuming procedures 
that involve the use of sophisticated instrumentation. Fluorogenic methods in conjunction 
with suitable sensors are preferable approaches for the measurement of these analytes 
because fluorimetry is rapidly performed, is nondestructive, is highly sensitive, is suitable for 
high-throughput screening applications, and can afford real information on the localization 
and quantity of the targets of interest.22 Basically, a fluorescent chemosensor consists of two 
significant units i.e. an ionophore (guest recognition unit) and a fluorophore (optical 
signaling unit, Figure 4). The ionophore is required for selective binding of the substrate, 
while the fluorophore provides the means of signaling this binding, whether by fluorescence 
enhancement or inhibition. Mechanisms which control the response of a fluorophore to 
substrate binding include photoinduced electron transfer (PET), photoinduced charge transfer 
(PCT), excimer/exciplex formation or extinction, and Fluorescence resonance energy transfer 
(FRET).23 
 
Figure 4. Generalized representation of a chemosensor. 
1.2.1 Photoinduced Electron Transfer (PET) 
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Figure 5 illustrates how a cation can control the photoinduced electron transfer (PET) in 
a fluorescent chemosensor in which the cation receptor is an electron donor and the 
fluorophore plays the role of an acceptor. Upon excitation of the fluorophore, an electron of 
the highest occupied molecular orbital (HOMO) is promoted to the lowest unoccupied 
molecular orbital (LUMO), which enables PET from the HOMO of the donor (belonging to 
the free cation receptor) to that of the fluorophore, causing fluorescence quenching of the 
latter. Upon cation binding, the redox potential of the donor is raised so that the relevant 
HOMO becomes lower in energy than that of the fluorophore; consequently, PET is not 
possible any more and fluorescence quenching is suppressed. In other words, fluorescence 
intensity is enhanced upon cation binding. In most of PET sensors, the cation receptor 
involves aliphatic or aromatic amines acting as quenchers. Indeed, it has long been 
discovered that PET can take place from amino groups to aromatic hydrocarbons, thus 
causing fluorescence quenching of the latter.24 
 
Figure 5. Principle of cation recognition by fluorescent PET sensors. 
1.2.2 Photoinduced Charge Transfer (PCT) 
When a fluorophore contains an electron-donating group (e.g. amino group) conjugated 
to an electron-withdrawing group, it undergoes intramolecular charge transfer from the donor 
to the acceptor upon excitation by light. This charge transfer may occur over long distances 
and be associated with major dipole moment changes, making the process particularly 
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sensitive to the microenvironment of the fluorophore. It can thus be anticipated that cations 
in close interaction with the donor or the acceptor moiety will change the photophysical 
properties of the fluorophore because the complexed cation affects the efficiency of 
intramolecular charge transfer.25 
When a cation complexation of an electron donor group within a fluorophore, the 
electron-donating character of the donor group will be reduced. The resulting reduction of 
conjugation causes a blue shift of the absorption spectrum together with a decrease of the 
molar absorptivity. In contrast, metal ion binding to the acceptor group enhances its electron-
withdrawing character, and the absorption spectrum is thus red-shifted with an increase in 
molar absorptivity (Figure 6).26 The fluorescence spectra should be shifted in the same 
direction as the absorption spectra, and in addition to these shifts, changes in the quantum 
yields and lifetimes can be observed. All these photophysical effects are obviously dependent 
on the charge and the size of the cation, and therefore, some selectivity is expected.27 
 
Figure 6. Principle of cation recognition by fluorescent PCT sensors. 
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1.2.3 Excimer Formation 
Where aromatic rings are involved in weak interactions (such as π-stacking) which bring 
them within van der Waals contact distances, electronic excitation of one ring can cause an 
enhanced interaction with its neighbor, leading to what is termed an excited-state dimer or 
“excimer”.28 In other words, an excimer is a complex formed by the interaction of an excited 
fluorophore with another fluorophore in its ground state. Excimer emission typically provides 
a broad fluorescence band without vibrational structure, with the maximum shifted, in the 
case of most aromatic molecules,29 by about 6000 cm-1 to lower energies compared to that of 
the uncomplexed (“monomer”) fluorophore emission. An excimer may also form from an 
excited monomer if the interaction develops within the lifetime of the latter. Thus, it is 
expected that excimers are more likely to be produced by relatively long-lived monomer 
excited states.30 Rates of fluorophore diffusion, especially in viscous solvents, are therefore 
another limit on excimer formation.31 Importantly, the separation and relative orientation of 
multiple fluorophore units attached to ligands can be controlled by metal ion coordination, so 
that recognition of a cation can be monitored by the monomer:excimer fluorescence intensity 
ratio.32 
1.2.4 Fluorescence Resonance Energy Transfer (FRET) 
In the process of FRET, initially a donor fluorophore (D) absorbs the energy due to the 
excitation of incident light and transfer the excitation energy to a nearby chromophore, the 
acceptor (A). 
D + hυ → D* 
       D* + A → D + A* 
A* → A + hυ 
[Where h is the Planck’s constant and υ is the frequency of the radiation] 
Figure 7 illustrates the transitions involved between the donor emission and acceptor 
absorbance in FRET system. In presence of suitable acceptor, the donor fluorophore can 
transfer its excited state energy directly to the acceptor without emitting a photon. This 
returns the donor to its electronic ground state, and emission may then occur from the 
acceptor center. Energy transfer manifests itself through decrease or quenching of the donor 
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fluorescence and a reduction of excited state lifetime accompanied also by an increase in 
acceptor fluorescence intensity.33 
 
Figure 7. Fluorescence resonance energy transfer system. 
There are few criteria that must be satisfied in order for FRET to occur. These are: (i) the 
fluorescence emission spectrum of the donor molecule must overlap the absorption or 
excitation spectrum of the acceptor chromophore (Figure 8). The degree of overlap is 
referred to as spectral overlap integral (J). (ii) The two fluorophore (donor and acceptor) 
must be in the close proximity to one another (typically 1 to 10 nanometer). (iii) The 
transition dipole orientations of the donor and acceptor must be approximately parallel to 
each other. (iv) The fluorescence lifetime of the donor molecule must be of sufficient 
duration to allow the FRET to occur.34 
 
Figure 8. Spectral overlap for FRET. 
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1.3 Calixarene-based Fluorescent Chemosensors 
Calixarenes have received much interest as basic molecular scaffolds for the construction 
of selective ionophores, many of which have been incorporated into fluorescent 
chemosensors.35 Fluorophores such as anthracene, pyrene, dansyl, BODIPY, naphthalene, 
quinoline, rhodamine and fluorescein have been efficiently coupled to the upper and lower 
rims of calixarenes and showed good performance as fluorescent chemosensors. 
1.3.1 PET Chemosensors 
Calixarene 1 (Figure 9) bearing four carbonyl groups, two of them being linked to pyrene 
and nitrobenzene at opposite sites on the lower rim, was prepared for Na+ sensing.36 As the 
free ligand, 1 shows fluorescence similar to that of 2, but its intensity is 50 times weaker, 
suggesting that the fluorescence quenching in 1 is due to intramolecular PET between the 
nitrobenzyl acceptor and excited pyrene fluorophore, a conclusion supported by the fact that 
the fluorescence is not solvent sensitive. Binding of Na+ to 1 in diethyl ether appears to cause 
a conformational change where the nitrobenzyl and pyrenyl substituents become more distant, 
leading to reduced PET seen as an enhancement in the fluorescence quantum yield from 
0.0025 to 0.016. 
 
Figure 9. Structure of chemosensor 1 and 2. 
Dabestani and co-workers have reported Cs+ PET sensors 3 and 4 (Figure 10) based on a 
calix[4]crown-6 ether in which a 9-cyanoanthracene fluorophore is linked to a phenyl ring 
Wu Chong                                                                                                             Saga University, Japan 
- 12 - 
 
inserted into the crown.37 In the absence of metal ion, their fluorescence is weak due to the 
PET from the oxygen atoms of the benzocrown to the excited singlet state of the 
cyanoanthracene fluorophore. Cs+ binding to the crown in CH2Cl2/MeOH (1:1 v/v) inhibits 
this PET effect, which induces an enhancement of the fluorescence emission. A 1:1 
stoichiometry is found for compounds 3 and 4, which leads to stability constants of 4 × 106 
and 1.2 × 107, respectively. 
 
Figure 10. Structure of chemosensor 3 and 4. 
Fluorescence quenching commonly occurs by the PET mechanism described above in 
which the excited state acts as an oxidant, although the inverse phenomenon, termed reverse 
PET, is also sometimes observed. Chemosensor 5 (Figure 11) exhibited high selectivity 
towards Fe3+ ions by fluorescence quenching which was attributed to reverse photo-induced 
electron transfer (reverse PET) from pyrene units to the carbonyl oxygen atoms. Due to the 
Fe3+ played an important role in human body, and given that the better cell permeability and 
intracellular fluorescence imaging of sensor 5, the author further attempted to apply sensor 5 
to monitor Fe3+ in living cell.38 
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Figure 11. Structure of chemosensor 5. 
Apart from their application for metal ion sensing, calixarenes attached to a fluorophore 
can be used for pH sensing. The BODIPY-appended calixarene 6 (Figure 12) is such a sensor, 
acting through a PET mechanism. The emission intensity of 6 in CH3OH/H2O (1:1, v/v) is 
strongly and reversibly pH dependent. There are more than 10-fold changes in the emission 
intensity, maximizing in the pH range 5.6–8.2. PET in this system can be explained by 
electron transfer from the electron pair located on the phenolate to the BODIPY moiety.39 
 
Figure 12. Structure of chemosensor 6. 
Chemosensor 7 exhibits a selective interaction with CH3COO
− in CH3CN (0.4%, v/v, 
CHCl3) over other anions tested (Figure 13). The addition of this anion to 7 leads to a 
quenching in fluorescence emission due to PET from nitrogen to the anthracene unit. 1H 
NMR spectra indicate that oxygen atoms of the anion interact with the anthracene 9H as well 
as the amide NH centers.40 
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Figure 13. Proposed recognition mechanism of 7 towards AcO−. 
1.3.2 PCT Chemosensors 
Chemosensor 8 and 9 containing one or four appended naphthalene fluorophores which 
contain the methoxy moiety as a donor unit and the carbonyl group as an acceptor in the PCT 
process (Figure 14).41 They exhibit outstanding fluorescence enhancements upon cation 
binding and are very selective for Na+. The complexation with metal ions induces a red shift 
of the UV-vis and fluorescence spectra associated with a major increase in fluorescence 
quantum yield due to the relative locations of the n-π* and π-π* levels depending on the 
charge density of the bound cation. 
 
Figure 14. Structure of chemosensor 8 and 9. 
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Kim et al. reported a calix[4]arene-based chemosensor 10 with two coumarin units 
attached via amido functions acting also as binding sites.42 Complexation of F− by sensor 1 
resulted in red-shift of both UV-vis absorption and fluorescence emission, which was 
ascribe to the photo-induced charge transfer (PCT) mechanism induced by hydrogen 
bonding followed by deprotonation of NH-amide groups (Figure 15). 
 
Figure 15. Proposed recognition mechanism of 10 towards F−. 
Similarly, Jain et al. reported a thiacalix[4]arene chemosensor 11 which employed 
quinoline as fluorophore. According to the UV-absorption and fluorescent emission spectra 
titration results, probe 11 exhibited highly selective recognize for F− anion among other 
anions (Cl−, Br−, I−, OH−, CH3COO
−, H2PO4
− and PO4
3−). Quenching and red shift in 
emission spectra constituting the signature detection for fluoride. This may be attributed to 
the photo-induced charge transfer (PCT) mechanism which can be induced by 
deprotonation of acidic NH proton in the presence of fluoride ion (Figure 16).43 
 
Figure 16. Proposed recognition mechanism of 11 towards F−. 
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1.3.3 Excimer Chemosensors 
As fluorogenic units, pyrene (Py) is regarded as one of the most useful sensing 
molecules because it may emit as a monomer near 370–380 nm or as an excimer near 480 nm. 
In molecules with two (or more) pyrenyl substituents, excimer formation can be efficient but 
is also sensitive to even subtle conformational changes such as may be induced by metal ion 
binding, so that the ratio (IE:IM) of excimer to monomer emission intensities can be an 
informative parameter in a variety of sensing systems. For this reason, pyrene is widely 
employed as signal unit for the design of fluorescent chemosensors.44 
A ratiometric sensor 12 for Cd2+ and Zn2+ based on calix[4]arene bearing 1,2,3-triazole-
linked pyrene units has been reported (Figure 17).45 Sensor 12 showed strong excimer and 
weak monomer emissions, due to face-to-face π-π interaction between the two pyrene 
moieties. Addition of Cd2+ or Zn2+ produced a ratiometric fluorescence change, with a 
decrease in excimer emission as well as an increase in monomer emission. This ratiometric 
behavior is due to the complexation of Cd2+ and Zn2+ by the triazole nitrogen atoms, which 
causes a change in the conformation of the pyrene arms. No other metal ions produced such 
ratiometric response, confirming the high selectivity of probe 12 for Cd2+ and Zn2+. 
 
Figure 17. Fluorescent chemosensor 12 for sensing Cd2+ and Zn2+ ions. 
Our group reported pyrene-linked triazole-modified homooxacalix[3]arene 13 as a 
multi-functional fluorescent chemosensor for Zn2+ and H2PO4
− detection (Figure 18).46 
Chemosensor 13 showed ratiometric sensing of Zn2+ by enhancing the monomer emission 
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while weakening the excimer emission. Further studies revealed that the subsequent addition 
of H2PO4
− to the solution of 13·Zn2+ complex resulted in a reversed ratiometric fluorescent 
change. This system exhibited a novel detection signal output for targeting cations and anions 
through switching of the excimer emission of pyrene from the “on-off” to the “off-on” type. 
In addition, an efficient logic circuit for a molecular traffic signal with the help of binary 
logic based on an INHIBIT and OR gate by using Zn2+ and H2PO4
− ions as different chemical 
inputs has been constructed and evaluated. 
 
Figure 18. The proposed structure of 13·Zn2+ for H2PO4− anion. 
On the basis of the above studies, our groups further designed and synthesized 
fluorescent chemosensors 14 and 15 based on thiacalix[4]arene with 1,3-alternate 
conformation (Figure 19).47 The fluorescence spectra changes suggested that chemosensors 
14 and 15 are highly selective for Ag+ over other metal ions by a ratiometric fluorescence 
response of pyrene. Furthermore, the competitive interaction of Ag+ ions in the presence of 
other cations was investigated, no significant interference in the detection of Ag+ ions was 
observed for sensor 14 and 15. The 1H NMR titration analysis conformed that the Ag+ was 
selectively bound to the nitrogen atoms on the triazole rings. 
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Figure 19. Fluorescent chemosensor 14 and 15 for sensing Ag+. 
Kumar et al. reported fluorescent chemosensors 16 bearing thiourea moieties conjugated 
with naphthyl fluorophores.48 Chemosensors 16 showed strong interactions with F− ions with 
an increase in excimer emission of the naphthyl groups. The binding of the NH protons of 16 
with F− ions induced intermolecular binding which triggered intramolecular π-π interactions 
between the two naphthyl groups and led to excimer formation (Figure 20). 
 
Figure 20. Fluproposed binding modes of 16 with F−. 
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1.3.4 FRET Chemosensors 
Li et al. designed a fluorescent chemosensor 17, bearing both BODIPY and rhodamine 
moieties for the detection of Hg2+ and Ba2+ (Figure 21).49 In acetonitrile solution, probe 17 
shows an absorption band centered at 499 nm, which is ascribed to absorbance of the 
BODIPY moiety. With excitation at 490 nm, the fluorescence intensity at 505 nm is very 
weak due to the efficient PET effect from the oxygen atoms in the oxa-crown-6 loop to the 
excited BODIPY fluorophore. The PET effect was canceled upon addition of 20 equiv. of 
Ba2+, resulting in a 15-fold enhancement in fluorescence intensity at 505 nm. When Hg2+ was 
added to a solution containing 17, the spirolactam form of rhodamine transferred to the ring-
opened state, accompanied by an absorption band centered at 558 nm and a strong emission 
peak at 585 nm. This fluorescence enhancement at long wavelengths was attributed to the 
FRET effect from excited BODIPY to the ring-opening of the rhodamine moiety.  
 
Figure 21. Proposed binding modes of 17 with Hg2+ and Ba2+. 
Vicens and Kim et al. reported a bis-calixarene 18 (Figure 22), combining two pyrenyl 
groups, which are potential energy donors, and a rhodamine group, which may act as an 
energy acceptor.50 Fluorescence changes were observed in the case of complexation with 
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only the two different metal ions. Addition of Hg2+ to a CH3CN solution of 18 resulted in 
significantly enhanced fluorescence at ∼575 nm via the FRET effect from the pyrenyl 
excimer to a ring-opened rhodamine moiety. In contrast, addition of Al3+ induced a distinct 
increase of pyrenyl excimer emission (∼475 nm), while no obvious FRET-ON phenomenon 
was observed. 
 
Figure 22. Proposed different complexation behaviors of 18 with Hg2+ and Al3+. 
Kim et al. designed a pyrene excimer-based calix[4]arene FRET chemosensor 19 (Figure 
23), involving two pyrenyl and one rhodamine substituent, as a selective sensor for Hg2+.51 
On the addition of 10 equiv. of Hg2+ to a solution of 19, a new absorption band centered at 
559 nm appears, with a color change from colorless to pink. In CHCl3-CH3CN (50:50, v/v) 
solution, amide binding of Hg2+ promotes ring opening of rhodamine, resulting in FRET 
from the pyrene excimer to rhodamine. The intensity of the characteristic emission of the 
ring-opened rhodamine at 576 nm increases, with a concomitant decline in the pyrenyl 
Wu Chong                                                                                                             Saga University, Japan 
- 21 - 
 
excimer emission intensity at 470 nm. The minimum detectable concentration of Hg2+ is 
about 5.0 µM, based on linear variations in the fluorescence intensity. 
 
Figure 23. Schematic of Hg2+-selective chemosensor 19 based on FRET. 
1.3.5 Other Chemosensors 
1.3.5.1 Chemosensors Based on Spirolactam Ring-Opening 
Spirocyclic derivatives of rhodamine and fluorescein dyes are useful sensing platforms 
because the ring-opening process leads to a turn-on fluorescence change. Since the first 
rhodamine-based fluorescent chemosensor for Cu(II) was reported by Anthony W. Czarnik in 
1997, a large number of papers involving fluorescent chemosensors based on spiroring-
opening processes have been published.52 They have also been employed as fluorophore to 
the design of fluorescent chemosensors based on the calixarene platforms. 
Chemosensor 20 possessing rhodamine as a signaling unit exhibits a high binding affinity 
towards Fe3+ and Cr3+ in mixed aqueous solutions (Figure 24).53 The addition of Fe3+ or Cr3+ 
to the solution of 20 induced ring-opening of the spirolactam resulting in a significant 
increase in the fluorescence emission (turn-on). Considerable color changes were also 
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observed with the addition of Fe3+ (from colorless to pink) and Cr3+ (from colorless to light 
purple) indicating that 20 could serve as a ‘‘naked-eye’’ chemosensor for Fe3+ or Cr3+ ions. 
 
Figure 24. Proposed binding modes of 20 with Fe3+ or Cr3+. 
Kumar et al. synthesized a florescent probe 21 which shown a selective turn-on 
fluorescence response via CN− ions induced spirolactone ring opening of fluorescein (Figure 
25). Particularly, the resulting cyanide complex 21.CN− can further selectively applied to 
detect copper (Cu2+) ions through fluorescence turn-off. Depending on the different chemical 
inputs (CN− and Cu2+) and fluorescence signals as outputs (on and off), a sequential logic 
circuit was constructed.54 
 
Figure 25. Proposed binding modes of 21 with CN− and Cu2+ ions. 
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1.3.5.2 Chemosensors Based on ESIPT 
Kim et al. reported a novel fluorescent chemosensor 22 with two amidoanthraquinone 
groups at the lower rim of p-tert-butylcalix[4]arene.55 Significant changes of absorption and 
fluorescence bands showed that chemosensor 22 is selective toward fluoride ion (F−) over 
other anions such as Cl−, Br−, I−, CH3COO
−, and OH−. The ESIPT (exited-state 
intramolecular proton transfer) process of 22 is inhibited by the fluoride-induced H-bonding 
followed by deprotonation of NH groups in the amidoanthraquinone fragment (Figure 26), 
which strongly affected such properties of the compound as luminescence intensity, 
magnitude of Stokes shift, and photostability. The visible absorption and emission spectra in 
toluene, MeCN, and DMSO, as well as 1H NMR spectra in CDCl3 were studied. The 
emission spectra of 22 in toluene and acetonitrile contained bands corresponding to the 
ground (N, λ 515 nm) and excited states (T, λ 560 nm; Figure 26). The emission spectrum 
recorded in DMSO lacked ESIPT band due to facile formation of hydrogen bonds between 
the solvent and H-donors. Chemosensor 22 selectively recognizes F– ion, presumably via 
intramolecular NH⋯F– hydrogen bonding (or deprotonation), which promotes π-electron 
delocalization through the amidoanthraquinone fragment and affects π–π interaction. The 
originally colorless solution turns green. A small change of the band at λ 560 nm (tautomeric 
emission) is accompanied by strong increase of the normal emission band at λ 527 nm, 
indicating inhibition of ESIPT in the presence of F– (Figure 27). 
 
Figure 26. The structure of chemosensor 22 and the 1-Aminoanthraquinone groups in the ground (N) and 
excited (T) states. 
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Figure 27. Proposed mechanism for the inhibition of ESIPT in 22 induced by F− ion. 
Chemosensor 23 based on a thiacalix[4]crown with a 1,3-alternate conformation has been 
synthesized.56 The fluorescence of chemosensor 23 was quenched with addition of Fe3+ ions 
due to the inhibition of excited state intramolecular proton transfer (ESIPT, Figure 28). 
However, addition of Li+ ions and cysteine to the 23·Fe3+ complex generated in situ revealed 
that the emission occurred via two different mechanisms. The addition of Li+ ions triggered a 
negative allosteric behavior, and the addition of cysteine followed the displacement approach. 
 
Figure 28. Structures of chemosensor 23 and proposed binding modes. 
1.3.5.3 Chemosensors Based on Schiff-base 
Schiff base calixarenes have been widely used as fluorescent chemosenors for various 
analytes. Zeng et al. designed a 1,3-alternate thiacalix[4]crown-shaped fluorescent 
chemosensor 24 which employed phenothiazine moieties as fluorophore (Figure 29). 
Chemosensor 24 exhibited strong fluorescence emission in THF-water due to multiple 
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noncovalent interactions within the molecule inhibit the intramolecular rotation. When Fe3+ 
or Cr3+ were gradually added to the solution of 24, the fluorescence intensity of this solution 
was gradually decreased until completely quenched. However, there were no obviously 
change by the addition of any other tested metal ions. It suggested that chemosensor 24 was 
capable of selectively sensing Fe3+ and Cr3+ ions. Further study revealed the quenching 
mechanism was ascribed to the Fe3+ or Cr3+ ions catalyze the cleavage of the Schiff base 
group of 24. In other word, chemosensor 24 was hydrolyzed in the presence of Fe3+ or Cr3+ 
ions via loss of the phenothiazine groups. This is the first case of fluorescence quenching is 
based on a hydrolysis mechanism.57 
 
Figure 29. Proposed recognition mechanism of 24. 
Calixarene 25 exhibited a weak emission at 440 nm when excited at 320 or 390 nm. The 
addition of Zn2+ ions into the solution of 25 showed a progressive enhancement in the 
fluorescence intensity. The 1H NMR spectroscopic titration of 25 with Zn2+ ions exhibited 
that the intensity of the Schiff base OH and CH2OH protons decreased, suggesting the 
binding of the Zn2+ ion inside the core of the Schiff base as shown in Figure 30. The triazole 
moieties are not involved in the coordination of the Zn2+ ion; however, it serves as a linker. 
Thus, a Zn2+-selective chemosensor with a fluorescence off/on switch has been successfully 
synthesized.58 On the basis of the above study, Rao and co-workers synthesized a series of 
salicylaldimine-appended triazole-linked calixarene derivatives 26−29 by using a click 
reaction and tested their selectivity for metal ions (Figure 31).59 
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Figure 30. Proposed recognition mechanism of chemosensor 25. 
 
Figure 31. Strcture of chemosensor 26−29. 
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1.4 Conclusion 
Calixarenes have attracted tremendous interest and have been extensively explored in 
various fields, including chemistry, biology, medicine, and environmental processes. Because 
of their inherent versatility and numerous possibilities of functionalization, calixarene 
derivatives have been widely used for the development of fluorescent chemosensors. The 
pre-organized core of calixarene is well-known for the complexation of ions and molecules 
of particular size and shape. The lower and upper rim modification of calixarene with various 
binding sites, such as N, O, S, and P, further tune and improve the binding efficiency and 
selectivity toward different guest molecules (hard or soft). These modifications make 
calixarene derivatives more flexible for efficient binding with guest species. Numerous 
calixarene derivatives exhibiting different binding properties have been developed for the 
sensitive and selective detection of anions, cations, and other biologically relevant analytes. 
Thus, the development of calixarene-based fluorescent chemosensors serves as a useful 
strategy for the determination of different analytes in environmental and biological systems. 
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Chapter 2 
Click Synthesis of Quinoline-functionalized 
Homooxacalix[3]arene as Turn-on Fluorescence 
Chemosensor for Fe3+ 
 
 
 
 
 
 
 
This chapter described a novel quinoline-functionalized homooxacalix[3]arene L was 
synthesized via Click chemistry and its chemosensing properties with various metal ions were 
investigated. The designed chemosensor L exhibited a high selectivity and antidisturbance 
for Fe3+ among environmentally and biologically relevant metal ions, leading to a prominent 
off-on-type fluorescent signaling behavior. Further study demonstrates the detection limit on 
fluorescence response of the sensor to Fe3+ is down to 10−7 M range. 
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2.1 Introduction 
The development of chemosensors capable of recognizing and sensing metal ions 
have attracted considerable attention because of their fundamental role in biological, 
environmental, and chemical processes.1 As one of the most essential trace elements in 
life system, ferric ion (Fe3+) plays important roles in oxygen metabolism, enzyme catalysis, 
and DNA synthesis.2 Deficiency or overloading of iron result in various pathological 
disorders, such as anemia, liver and kidney damages, diabetes, and heart diseases.3 Therefore, 
development of simple and sensitive chemosensors for detection of Fe3+ is of great 
importance in environmental and life science. 
Fluorescent chemosensor strategy has proven to be a convenient and efficient 
approach for metal ions detection due to its superiority over other methods, which 
characterized high sensitivity and selectivity, easiness of manipulating, non-
destructive analysis, and rapid response.4 Because of the paramagnetic nature of Fe3+, 
most reported Fe3+ fluorescent chemosensors are based on a fluorescence quenching 
mechanism.5 However, fluorescence quenching is not only a disadvantage for high 
signal output upon recognition but also hampers temporal separation of spectrally 
similar complexes with time-resolved fluorometry.6 Thus, the development of 
chemosensors that exhibit fluorescence enhancement upon binding with Fe3+ would be 
more attractive. 
Homooxacalix[3]arenes including three ethereal linkages are relatively flexible 
and thus can provide a suitable binding environment for species that require trigonal-
planar, tetrahedral, or octahedral coordination.7 Based on this excellent structure 
characteristic, homooxacalix[3]arenes have been used as ideal molecular platforms for the 
development of chemosensors in the molecular recognition of chemical and biological 
targets.8 On the other hand, we noted that quinoline derivatives possess desirable photo-
physical properties, they usually used as fluorophore to construct fluorescence 
chemosensors for heavy and transition metal ions. In particular, the nitrogen atom in 
heterocyclic quinoline can act as a chelating site towards metal ions.9 Taking advantage 
of the easily-synthesized triazole binding site, it prompted us to synthesize the quinoline-
functionalized homooxacalix[3]arene by Click chemistry. In the present manuscript, we 
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reported a quinoline-functionalized triazole linked homooxacalix[3]arene L as a fluorescence 
turn on chemosensor for Fe3+ among the different metal ions studied. The role of the 
calixarene platform has been addressed by making a noncalixarene-based analogue of this. 
Furthermore, the binding mechanism was confirmed by 1H NMR titration analysis.  
2.2 Results and Discussion 
2.2.1 Synthesis and Characterization of Chemosensor L 
 
Scheme 1. The synthetic route of chemosensor L. 
The synthetic route for the current sensor is depicted in Scheme 1. The CuI-catalyzed 1,3-
dipolar cycloaddition reaction of compound 2 with 8-azidomethyl quinoline under Click 
conditions afforded the chemosensor L in 65 % yield. All compounds synthesized in this 
work were fully characterized by spectroscopic data including 1H, 13C NMR spectroscopy 
and HRMS. 1H NMR spectra (Figure 1) of L revealed the disappearance of the three 
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terminal alkyne protons, whereas the new singlet appearing around δ = 7.84 ppm was 
attributed to the protons of the newly formed Hd on the triazole groups. Furthermore, the 
other peaks were observed as three singlets assignable to the protons Ha, Hc and He, and an 
AB quartet for the Hb protons. These findings supported the conclusion that the 
homooxacalix[3]arene skeleton was immobilized in the cone conformation and possesses a 
C3 symmetry. Furthermore, in order to demonstrate the role of calixarene platform clearly, 
compound M was synthesized as a reference. 
 
Figure 1. The 1H NMR spectra of compounds L and M. 
2.2.2 Chemosensing Properties of L for Fe3+ 
The recognition behavior of chemosensor L toward various metal cations was 
investigated by fluorescence measurement. The fluorescence spectrum of L exhibited weak 
fluorescence emission when excited at 314 nm in CH3CN solution (Figure 2). Upon addition 
of Fe3+ ions to the solution of L, remarkable enhancement of emission intensity was observed 
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at 414 nm. Under the same conditions as used for Fe3+, no significant change of the 
fluorescence spectrum was observed in the presence of other metal cations, indicating a Fe3+-
selective off-on fluorescent signaling behavior. The possible mechanism for the observed 
fluorescence enhancement may be explained as follows. Before coordinated with Fe3+, free L 
showed the weak fluorescence because of the lone electron pairs of the nitrogen atom in the 
triazole moieties being located adjacent to the quinoline fluorophores, which resulted in an 
intramolecular photo-induced electron transfer (PET). The deexcitation of the tautomer 
occurred mainly via a nonradiative pathway. When L was coordinated with Fe3+, the 
nonradiative channel was inhibited simultaneously, and thus the L-Fe3+ system exhibited the 
enhanced fluorescence.10 
 
Figure 2. Fluorescence emission spectra of L (1.0 μM) in the presence of various metal ions (Li+, Na+, K+, 
Cs+, Ag+, Cu2+, Pb2+, Zn2+, Co2+, Ni2+, Cr3+, Fe3+, Al3+, Cd2+, Hg2+ and Fe2+, 20.0 μM) in CH3CN. 
To further investigate the chemosensing properties of L for Fe3+, UV-vis and 
fluorescence titration experiments were performed on 5.0 μM and 1.0 μM solutions of L in 
CH3CN respectively. The UV-vis spectrum of compound L exhibits absorption bands at 255, 
261, 280 and 314 nm. Upon the addition of Fe3+, the absorption bands at 255, 261 and 280 
nm gradually decreased, while the absorption intensity at 314 nm increased (Figure 3). The 
isosbestic point observed at 293 nm indicates a transition between the unbound and the 
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complexed species. The stoichiometry of the complex formed between L and Fe3+ has been 
derived to be 1:1 based on Job’s plot (Figure 4). 
 
Figure 3. Absorption spectra obtained during the titration of L (5.0 μM) with Fe3+ in CH3CN. The inset 
shows the plot of absorbance at 314 nm vs [Fe3+]/[L] mole ratio. 
 
Figure 4. Job’s plot obtained from the absorption titration of L with Fe3+ at 314 nm, indicating a 1:1 
binding stoichiometry. 
Wu Chong                                                                                                             Saga University, Japan 
- 41 - 
 
 
Figure 5. Fluorescence spectra obtained during the titration of L (1.0 μM) with Fe3+ in CH3CN. The inset 
shows the relative fluorescence intensity as a function of the [Fe3+]/[L] mole ratio. 
As seen in Figure 5, with the stepwise addition of Fe3+ to a solution of L, the fluorescence 
emission intensity of L at 414 nm was gradually increased. When the concentration of Fe3+ 
ran up to about 20.0 equiv, the fluorescence intensity of L reached a plateau and almost 
contained a constant. From the fluorescence titration profiles, the association constant 
between L and Fe3+ was calculated to be 1.18 × 105 M-1 according to the Benesi–Hildebrand 
method by plotting 1/(I-I0) against 1/[M] (Figure 6).
11 Moreover, the corresponding detection 
limit for Fe3+ was estimated to be 2.25 × 10-7 M on the basis of reported methods (Figure 
7),12 which is much lower than the maximum level (0.3 mg L−1, equivalent to 5.4 μM) of Fe3+ 
permitted in drinking water by the U.S. Environmental Protection Agency.13 
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Figure 6. Association constant (Ka) determined with fluorescence data using Benesi-Hildebrand equation. 
Association constant Ka = 0.00207/(1.756E-8) = 1.18 × 105 M-1. 
 
Figure 7. The linear dynamic fluorescence response for the titration of L with Fe3+ to determine the 
detection limit (LOD). The calculation method for LOD is based on the standard deviation of the response 
(σ) and the slope of the calibration curve (K) according to the formula: LOD = 3σ/K = 2.25 × 10-7 M. 
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Figure 8. Fluorescence response of L (1.0 μM) to 20 equiv. of metal cations (the blue bar) and to the 
mixture of 20 equiv. of other metal ions with Fe3+ (the red bar). I0 is fluorescent emission intensity at 414 
nm of free L, and I is the fluorescent intensity after adding metal cations. 
In order to explore the practical utility of L to detect Fe3+ selectively even in the presence 
of other metal ions, competition experiments were carried out (Figure 8). No significant 
variation was observed in the presence of other competitive metal ions in comparison to the 
solution containing only Fe3+. Thus it may be concluded that L could be used as a potential 
Fe3+-selective fluorescent chemosensor. The potency of the synthesized chemosensor L for 
the detection of Fe3+ was evaluated and compared with that of already described sensors in 
the literatures. 
2.2.3 Sensing Mechanism of L for Fe3+ 
In order to get insight into the sensing mechanism of sensor L for Fe3+, the 
interaction of sensor L with Fe3+ was further investigated by 1H NMR titration 
experiments. As shown in Figure 9, the 1H NMR signals for the protons of both 
quinoline and triazole moieties of L showed the downfield shifts in the presence of 
Fe3+, the detail chemical shifts were summarized in Table 1. This phenomenon may be 
attributed to the electron shielding effect of Fe3+ on protons in its proximity. 
Furthermore, the AB quartet of the methylene bridge protons Hb was split as a pair of doublet, 
which indicated that there must be a conformational change of sensor L for the binding with 
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Fe3+ ions. As a matter of fact, it is believed that the conformation of homooxacalix[3]arene 
can be pre-organized for the binding of metal cations in solution in a manner that is similar to 
the examples described by previous reports.14 
 
Figure 9. 1H NMR titration spectra of L (5.0 mM) in the presence of increasing amounts of Fe3+ in 
CDCl3/CD3CN (10:1, v/v). (a) L only, (b c d e and f) in the presence of 0.2, 0.4, 0.6, 0.8 and 1.0 
equiv. of Fe3+, respectively. 
Table 1 Selected proton chemical shifts (δ, ppm) of L and L-Fe3+ complex.a 
Compound H2 H3 H4 H5 H6 H7 Hd 
L 8.90 7.43 8.10 7.74 7.43 7.50 7.84 
L-Fe3+ 9.10 7.98 8.64 8.07 7.76 7.76 7.98 
Δδ b,c +0.20 +0.55 +0.54 +0.33 +0.33 +0.26 +0.14 
a The midpoint values of multiplet are indicated. 
b Δδ value is the difference of the chemical shift between L and L-Fe3+ complex.  
c A plus sign (+) denotes a shift to lower magnetic field. 
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Lacking the calixarene platform, the reference compound M showed no 
appreciable fluorescence changes to Fe3+. This phenomenon suggested that the three 
triazole ligands and three quinoline moieties exhibited a synergistic action to bind Fe3+, 
and hence supports the necessity of calixarene platform for selective recognition of 
Fe3+. Based on the above results, we deduced that the triazole and quinoline moieties of 
L jointly coordinated with Fe3+ to form the L-Fe3+ complex as illustrated in Firgure 10, 
which inhibited the intramolecular photoinduced electron transfer (PET) from 
electron-donating group triazole to electron-receptor quinoline group and thus led to 
the enhanced fluorescence of L-Fe3+ system. 
 
Figure 10. Proposed sensing mechanism of L for Fe3+. 
2.3 Conclusions 
In summary, we have successfully developed a quinoline-functionalized 
homooxacalix[3]arene L as fluorescence chemosensor for highly sensitive and specific 
detection of Fe3+. This non-fluorescent chemosensor L exhibited a dramatic fluorescence 
turn-on response for Fe3+, among the sixteen different metal ions studied. Chemosensor L 
formed a 1:1 complex with Fe3+, and the Fe3+ binding behavior has been confirmed by 1H 
NMR titration analysis. Comparison with a noncalixarene analogue M, indicating the 
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necessity of the homooxacalix[3]arene platform in sensing. The sensing mechanism may be 
ascribed to the inhibited PET process from the coordination of Fe3+ and L. 
2.4 Experimental Section 
2.4.1 General  
 Unless otherwise stated, all reagents were purchased from commercial sources and 
used without further purification. All solvents were dried and distilled by the usual 
procedures before use. Melting points were determined using a Yanagimoto MP-S1. 
1H NMR and 13C NMR spectra were recorded on a Nippon Denshi JEOL FT-300 
NMR spectrometer and a Varian-400MRvnmrs400 with SiMe4 as an internal 
reference: J-values are given in Hz. UV spectra were measured by a Shimadzu UV-
3150UV-vis-NIR spectrophotometer. Fluorescence spectroscopic studies of 
compounds in solution were performed in a semi-micro fluorescence cell (Hellma®, 
104F-QS, 10 × 4 mm, 1400 μL) with a Varian Cary Eclipse spectrophotometer. Mass 
spectra were obtained on a Nippon Denshi JMS-01SG-2 mass spectrometer at an 
ionization energy of 70 eV using a direct inlet system through GLC. 
2.4.2 General Procedure for Synthesis of Sensor L 
Compounds 215 and 8-azidomethyl quinoline16 were prepared following the reported 
procedures. Copper iodide (10 mg) was added to compound 2 (200 mg, 0.29 mmol) and 8-
azidomethyl quinoline (177 mg, 0.96 mmol) in a 30 mL mixture of THF/H2O (5:1, v/v) and 
the mixture was heated at 70 °C for 24 h. The resulting solution was cooled and extracted 
twice with CH2Cl2. The organic layers were combined, dried over MgSO4 and the solvent 
was removed under reduced pressure. The residue obtained was purified using a silica gel 
column eluting with 1:1 hexane/ethyl acetate to give desired compound L as white solid in 
65 % yield. m.p. 146–147 °C. 1H NMR (400 MHz, CDCl3): δ = 1.03 (s, 27H, tBu), 4.31–
4.41 (ABq, 12H, ether bridge, J = 13.2 Hz), 4.54 (s, 6H, ArO–CH2–triazole), 6.08 (s, 6H, 
triazole–CH2–quinoline), 6.87 (s, 6H, ArH), 7.39-7.45 (m, 6H, Quin–H), 7.50 (d, 3H, Quin–
H, J = 6.8 Hz), 7.74 (d, 3H, Quin–H, J = 8.0 Hz), 7.84 (s, 3H, triazole–H), 8.10 (d, 3H, 
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Quin–H, J = 8.4 Hz), 8.90 (d, 3H, Quin–H, J = 2.4 Hz). 13C NMR (100 MHz, CDCl3) δ = 
31.42, 34.16, 49.65, 67.36, 69.30, 121.50, 124.42, 125.86, 126.36, 128.20, 128.59, 129.59, 
130.98, 133.51, 136.14, 143.96, 145.72, 146.21, 150.11, 152.00. HRMS m/z Calcd for 
C75H79N12O6 [M+H]
+: 1243.6246 Found: 1243.6246 [M+H]+. 
The monomeric compound M was also synthesized in 68 % yield as a reference 
compound by following a similar protocol. 1H NMR (400 MHz, CDCl3): δ = 1.28 (s, 9H, 
tBu), 5.14 (s, 2H, ArO–CH2–triazole), 6.24 (s, 2H, triazole–CH2–quinoline), 6.88 (d, 2H, 
ArH, J = 8.8 Hz), 7.26 (d, 2H, ArH, J = 10.0 Hz), 7.48-7.54 (m, 2H, Quin–H), 7.64 (d, 1H, 
Quin–H, J = 6.8 Hz), 7.83 (d, 1H, Quin–H, J = 8.4 Hz), 7.86 (s, 1H, triazole–H), 8.19 (d, 1H, 
Quin–H, J = 8.4 Hz), 8.97 (d, 1H, Quin–H, J = 4.0 Hz). 13C NMR (100 MHz, CDCl3) δ = 
31.48, 34.05, 49.86, 62.14, 114.17, 121.62, 123.75, 126.21, 126.43, 128.36, 128.91, 129.91, 
133.20, 136.39, 143.76, 144.18, 145.82, 150.17, 155.99. HRMS m/z Calcd for C73H24N4O 
[M]+: 372.1950 Found: 372.1950 [M]+. 
2.4.3 General Procedure for the UV-vis and Fluorescence Titrations 
For absorption or fluorescence measurements, compounds were dissolved in acetonitrile 
to obtain stock solutions (1 mM). The stock solutions were diluted with acetonitrile to the 
desired concentration. Stock solutions (10−3 M) of perchlorate salts (Li+, Na+, K+, Cs+, Ag+, 
Cu2+, Pb2+, Zn2+, Co2+, Ni2+, Cr3+, Al3+, Cd2+, Hg2+, Fe2+ and Fe3+) were prepared with water. 
In titration experiments, typically, aliquots of freshly prepared standard solutions (10−3 M to 
10−6 M) of various analytes in water were added to record the UV–vis and fluorescence 
spectra. The fluorescence spectra were performed with the excitation wavelength 314 nm. 
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Chapter 3 
A Novel Fluorescence “On–Off–On” Chemosensor for 
Hg2+ via a Water-assistant Blocking Heavy Atom Effect 
 
 
 
 
 
 
 
This chapter described a upper rim pyrene-functionalized hexahomotrioxacalix[3]arene L, 
which can be utilized as a highly selective and sensitive fluorescent chemosensor to Hg2+ 
with a detection limit in nM level. Interestingly, the quenched fluorescence emission can be 
successfully revived upon the addtion of water. In this process, the heavy atom effect and 
blocking thereof were demonstrated within the same system by the use of a C3-symmetric 
homooxacalix[3]arene scaffold. 
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3.1 Introduction 
Heavy and transition metal (HTM) ions play an important role in living systems and 
can have an extremely toxic impact on the environment.1 Fluorescent chemosensors are 
powerful tools for the monitoring in vitro and/or in vivo of HTM ions because of the 
simplicity and high sensitivity of fluorescence.2 However, fluorescence quenching is 
usually observed when HTM ions are bound to sensors due to the heavy atom enhanced 
intersystem crossing (e.g. Hg2+)3 or energy/electron transfer (e.g. paramagnetic Cu2+).4 
Fluorescence quenching is not only a disadvantage for high signal output upon 
recognition but also hampers temporal separation of spectrally similar complexes with 
time-resolved fluorometry.5 Thus, fluorescence enhancement induced by complexation 
with HTM ions is highly desirable in the field of fluorescent chemosensor research. 
Since McClure (1952)3 and Wehry (1972)4 demonstrated the principle of heavy 
atom effect quenching on fluorescence emission, there have been many literature 
reports focusing on the “Why” of the intrinsic quenching behaviour of HTM ions,6 but 
not providing the “How” to block the quenching effect. Therefore, one might consider 
whether the heavy atom effect caused by HTM ions can be blocked or indeed avoided? 
Undoubtedly, if so, it may open up a new strategy to develop new fluorescence turn on 
sensors for HTM ions. 
In 2010, Xu et al. presented three general strategies to prevent fluorescence quenching 
and preserve the ability for fluorescence enhancement to take place upon binding of the HTM 
ions: (i) preventing the close proximity of the HTM ions to the fluorophore; (ii) increasing 
the oxidation potential of the fluorophore; (iii) introducing sacrificial donors that participate 
in single electron transfer with the HTM ions instead of the fluorophore.7 Recently, we 
reported the first evidence of the blocking of the heavy atom effect via the water-assisted and 
time-dependent fluorescence enhancement detection of Hg2+ by utilizing the unique 
fluorescence ratiometric signal of the excimer/monomer emission (IE/IM) of the pyrene 
moiety appended to a C3-symmetric homooxacalix[3]arene scaffold.
8 In connection with our 
continuing interest in the development of chemosensors for HTM ions, we herein report the 
synthesis and sensing properties of a new pyrene-functionalized 
hexahomotrioxacalix[3]arene chemosensor L, which exhibited an “on–off–on” fluorescence 
Wu Chong                                                                                                             Saga University, Japan 
- 53 - 
 
response toward Hg2+ via the water-assistant blocking heavy atom effect. The present studies 
provided further evidence for the blocking heavy atom effect. 
3.2 Results and Discussion 
3.2.1 Synthesis and Characterization 
 
Scheme 1. The synthesis route of chemosensor L. 
The synthetic route for the current sensor is depicted in Scheme 1. Compound 2 was 
synthesized by the reaction of hexahomotrioxacalix[3]arene (1)9 with propargyl bromide in 
acetone in the presence of K2CO3. The Cu
I-catalyzed 1,3-dipolar cycloaddition reaction of 
compound 2 with 1-azidomethylpyrene under Click conditions afforded the chemosensor L 
in 72 % yield. Reference compound M was synthesized in 78 % yield by using a method 
similar to that used in the preparation of L. All compounds synthesized in this work were 
fully characterized by spectroscopic data including 1H, 13C NMR spectroscopy and HRMS. 
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Figure 1. The 1H NMR spectra of compounds L and M. 
3.2.2 Chemosensing properties of L 
The spectroscopic properties of L and M were then studied via UV-vis and fluorescence 
spectroscopies. The UV−vis absorption spectra of compound L exhibit typical pyrene 
absorption bands in the region 320 – 360 nm. Interaction of L with 10 equiv. of various metal 
cations did not result in any significant changes in the absorption spectrum (Figure 2). On the 
other hand, the fluorescence properties of L and M were investigated in CH3CN. On 
excitation at 343 nm, the maximum absorption wavelength of pyrene, L displays very weak 
monomer emission (379 nm and 398 nm) but strong excimer emission (around 484 nm), 
whereas reference compound M exhibited only the monomer band at 379 nm and 398 nm. 
The excimer emission band was attributed to the interaction of the neighbouring pyrene units 
engaging in intramolecular π−π stacking, which was fixed by the oxacalix[3]arene scaffold. 
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Figure 2. The UV-vis spectra of L (5.0 μM), in the presence of 10 equiv. of various metal cations 
(including Li+, Na+, K+, Cs+, Ag+, Cu2+, Pb2+, Zn2+, Co2+, Ni2+, Cr3+, Al3+, Fe3+, Cd2+ and Hg2+) in CH3CN 
solutions. The molar absorption coefficient values were calculated by the Beer-Lambert Law (A = εbc): 
327 nm (ε = 6.7 × 104 M⁻¹·cm⁻¹), 343 nm (ε = 8.5 × 104 M⁻¹·cm⁻¹). 
To explore the potential application of L as a fluorescent chemosensor for the detection 
of HTM ions, the fluorescence response of L in CH3CN toward several common metal 
cations, including Li+, Na+, K+, Cs+, Ag+, Cu2+, Pb2+, Zn2+, Co2+, Ni2+, Cr3+, Al3+, Fe3+, Cd2+ 
and Hg2+ by using their perchlorate salts (10 equiv.) was investigated. The fluorescence 
changes are depicted in Figure 3, were addition of Hg2+ led to significant fluorescence 
quenching of up to 96 %. Cu2+ ions also resulted in quenching (32 %) but on a much smaller 
scale than observed for Hg2+. Moreover, upon interaction with other metal cations, a much 
weaker response is observed when compared to Hg2+. To evaluate the specific fluorescence 
response toward Hg2+, a group of metal cations and an ion mixture were chosen as the 
interferential ions to perform the fluorescence tests (Figure 4). Except for Cu2+, it was found 
that the rest of the metal cations exerted a negligible or very small influence on the 
fluorescence spectra of L. Thus, L can be used as a Hg2+ selective fluorescent chemosensor 
in the presence of most competitive metal cations. 
Wu Chong                                                                                                             Saga University, Japan 
- 56 - 
 
 
Figure 3. Fluorescence spectra of L (1.0 μM) on addition of various metal cations in CH3CN, λex = 343 
nm. 
 
Figure 4. Fluorescence response of L (1.0 μM) to 10 equiv. of metal cations (the green bar) and to the 
mixture of 10 equiv. of other metal ions with Hg2+ (the blue bar) and the fluorescence response of L 
toward Hg2+ + all metal ions (the red bar). I0 is fluorescent emission intensity at 484 nm of free L, and I is 
the fluorescent intensity after adding metal cations. 
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Figure 5. Fluorescence spectra of L (1.0 μM) upon the addition of increasing amount of Hg2+ in CH3CN. 
λex = 343 nm. The inset shows the fluorescence colour of L before and after the addition of Hg2+. 
To demonstrate the ability of L as fluorescent sensor for Hg2+, we performed the 
fluorescence quenching titration with Hg2+ in CH3CN (Figure 5). The titration profiles 
revealed that the initial emission intensity of L was gradually quenched upon the addition of 
increasing amounts of Hg2+. The addition of 5 equiv. of Hg2+ to the solution of L resulted in 
both the monomer and excimer emission becoming quenched due to the heavy atom effect 
imparted by Hg2+, which increases the probability for intersystem crossing to the triplet state 
because of large spin-orbit coupling contribution.6a,10 A good linear relationship was 
observed between the emission intensities and concentration of Hg2+, and the limit of 
detection (LOD) was found to be 3.48 × 10-8 M based on the formula LOD = 3σ/K (Figure 
6).11 The detection limits were sufficiently low to allow for the detection the sub-millimolar 
concentrations of Hg2+ ion found in many chemical and biological systems. The Job’s method 
monitored by fluorescence intensities was applied to examine the stoichiometry of the 
L/Hg2+ complex, which indicated a 1:1 stoichiometry of L to Hg2+ in the complex (Figure 7). 
The association constant (Ka) was calculated to be 3.3 × 10
5 M-1 according to the spectral 
titration data using the Benesi–Hildebrand equation (Figure 8).12 These results indicated that 
L has an excellent sensitivity toward Hg2+ with a detection limit in the nM level, and can 
even be applied to the quantitative detection of Hg2+. 
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Figure 6. Linear concentration range of Hg2+ (L: 1.0 μM) in CH3CN. I0 is fluorescence emission intensity 
at 484 nm for free L, and I is the fluorescent intensity after adding Hg2+ ions. The calculation method for 
LOD is based on the standard deviation of the response (σ) and the slope of the calibration curve (K) 
according to the formula: LOD = 3σ/K = 3.48 × 10-8 M. 
 
Figure 7. Job’s plot for complexation of L with Hg2+ ion, indicating a 1:1 binding stoichiometry. 
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Figure 8. Benesi-Hildebrand plot of L in CH3CN. The association constant was determined using a 
reported procedure for a 1:1 binding mode. Association constant Ka = 0.0033/(1E-08) = 3.3 × 105 M-1. 
For practical applications, the effect of water as a solvent on the detection of Hg2+ 
was also monitored. To study the selective detection of Hg2+ from aqueous samples, 
the fluorescence response of L (in CH3CN) upon addition of water was initially 
monitored. The addition of water showed a negligible effect on the fluorescence 
intensity and the spectrum remained unaffected even after 1 h (Figure 9). 
Consequently, we further checked the selectivity of L for Hg2+ in a H2O–CH3CN (v/v, 
1:10) mixed solvent system. Unexpectedly, upon the addition of Hg2+ to the mixed 
solvent system, the fluorescence spectrum does not show any significant change. 
Motivated by these results, we expanded this study in order to systematically 
investigate the role of the water molecules in the L/Hg2+ complex. In a specially 
designed experiment, 5 equiv. of Hg2+ was added to quench the fluorescence emission of L 
in CH3CN, and then different volumes of distilled water were added to the original CH3CN 
solution of the L/Hg2+ complex and the corresponding emissions were monitored. 
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Figure 9. Effect of water on fluorescence spectrum of L dispersed in CH3CN. 
 
 
Figure 10. Fluorescence emission spectra for the L/Hg2+ complex in CH3CN with the incremental addition 
of water and the digital photos of L/Hg2+ complex in H2O–CH3CN mixtures under irradiation at 365 nm.  
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Figure 10 illustrates the fluorescence spectral changes of the L/Hg2+ complex in CH3CN 
upon addition of water. Interestingly, the incremental addition of water to the solution of 
L/Hg2+ complex resulted in a rapid enhancement of the excimer emission. This process is 
saturated when about 0.5 % content of water added, with the fluorescence intensity almost 
revived to that of the original chemosensor L. The revival of fluorescence emission is clearly 
observed under illumination at 365 nm. Additionally, in order to determine the impact of 
time on this process, an estimation of the time-dependent fluorescence spectral changes of 
L/Hg2+ complex was carried out. As shown in Figure 11, the fluorescence emission was 
enhanced immediately after adding water, and the fluorescence intensity could remain stable 
over a long period. Following this observation, we found that other polar solvents such as 
CH3OH and CH3CH2OH also have the ability to revive the fluorescence emission of the 
L/Hg2+ complex (Figure 12 and 13), but on a much smaller scale than observed for H2O. 
Thus, there must be a strong interaction between the water molecules and the L/Hg2+ 
complex, which leads to the revival of the fluorescence intensity.  
 
Figure 11. Time-dependent fluorescent intensity changes at 484 nm of L/Hg2+ complex in H2O/CH3CN 
(v/v, 1:200). 
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Figure 12. Fluorescence emission spectra for the L/Hg2+ complex in CH3CN with the incremental addition 
of CH3OH. 
 
Figure 13. Fluorescence emission spectra for the L/Hg2+ complex in CH3CN with the incremental addition 
of CH3CH2OH. 
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Figure 14. Partial 1H NMR spectra of L (5.0 mM) in CDCl3/CD3CN (v/v, 2:1): (a) L only; (b, c, d and e) 
in the presence of 0.3, 0.5, 0.8 and 1.0 equiv. of Hg2+, respectively; (f) L/Hg2+ complex in the presence 10 
µL D2O. 
For an in-depth understanding of the complexation properties of L with Hg2+ ions 
in the presence of water molecules, 1H NMR titration experiments were performed in 
CDCl3/CD3CN (v/v, 2:1) co-solvent. The spectral differences are depicted in Figure 
14. Some significant spectral changes are observed in the 1H NMR spectra on addition 
of Hg2+. For example, upon interaction with Hg2+, the proton on the triazole rings 
undergoes a down-field shift by Δδ 0.26 ppm to 8.07 (red colour), whereas the 
triazole-CH2-pyrene linker proton is shifted from 5.99 to 5.87 ppm (brown colour). 
These chemical shift changes reflect the involvement of the triazole rings in the metal 
ion binding.13 Furthermore, the chemical shifts of the aromatic (blue colour) and 
ArCH2(ax)O bridge methylene (pink colour) protons also experienced an up-field shift, 
which can be attributed to the conformational change of oxacalix[3]arene scaffold upon 
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complexation with the Hg2+. As a matter of fact, it is believed that the conformation of the 
hexahomotrioxacalix[3]arene can be pre-organized for the binding of Hg2+ ion in solution in 
a manner that is similar to the examples described by Shinkai and coworkers.14 Importantly, 
it should be noted that the proton signals of pyrene (green colour) obviously shifted up-field 
as the concentration of Hg2+ increased. It suggests that the pyrene moieties still maintain the 
π−π stacking and exhibit the excimer emission. This is different from our recent 
reports in which the pyrene protons experienced a down-field shift, behaving as 
separate pyrene moieties with an enhancement of the monomer emission.8,15 
 
Figure 15. MALDI-TOF-MS spectrum of L-Hg2+, [L+ Hg2+ + H2O + H]+, m/z 1985.862. 
On further addition of 10 µL D2O into the solution of L/Hg
2+ complex, no significant 
chemical shift changes of the protons on the L/Hg2+ complex were observed (Fig. 5f). This 
result suggested that the enhancement of the excimer emission of pyrene in the present 
system should be ascribed to the additional coordination of a water molecule to the Hg2+ ion 
rather than the dissociation of the L/Hg2+ complex and the release of free L. Moreover, mass 
spectrometry (MALDI-TOF) was also used to investigate the complexation. When the Hg2+ 
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ion was added to a CH3CN solution of L in the presence of 1 % water, a new peak appeared 
at m/z 1985.862, corresponding to [L + Hg2+ + H2O + H]
+, which revealed the water 
molecule involvement of Hg2+/L complexation (Figure 15). Thus we presumed that 
binding of a water molecule to the Hg2+ center of the L/Hg2+ complex causes a redistribution 
in the energy levels of the L/Hg2+ complex,16 or alternatively a water molecule may act as a 
donor ligand and reduces the electron withdrawing ability of the positive center of the Hg2+ 
ion versus the pyrene fluorophore.6c,17 Both cases thus result in the enhancement of the 
fluorescence emission of pyrene in the L/Hg2+ complex.  
 
Figure 16. Fluorescence spectral changes of M (1.0 μM) upon sequential addition of 50 equiv. of Hg2+ 
and water in CH3CN. λex = 343 nm. 
Additionally, a monomeric analogue M was also synthesized as a reference compound 
and the fluorescence properties were evaluated under the same analytical conditions as used 
for L. It was found that the monomer emission of M was also quenched by the addition of 50 
equiv. of Hg2+, but the emission intensity cannot be retrieved in the presence of water (Figure 
16). These results suggested that the three triazole ligands of the C3-symmetric 
homooxacalix[3]arene scaffold play an important role in the complexation between the water 
molecule and L/Hg2+ complex. 
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On the basis of the fluorescence and NMR spectral evidence as well as our 
previous results, a plausible coordination-assisted fluorescence enhancement detection 
of Hg2+ is therefore depicted in Figure 17. A usual tetrahedral Hg2+-ligand 
coordination structure may involve an intramolecular assembly process,18 and the 
heavy atom effect of Hg2+ can be blocked by the complexation of the water molecule. 
Thus, the fluorescence emission of pyrene in the L/Hg2+ complex can be successfully 
revived. 
 
Figure 17. A plausible mechanism for the heavy atom effect blocked by water in the L/Hg2+ 
complex.  
3.3 Conclusions 
In conclusion, we have developed a novel fluorescence “on–off–on” chemosensor 
for Hg2+ via a water-assisted blocking heavy atom effect. Most importantly, the heavy 
atom effect and blocking thereof were demonstrated within the same system by the use of a 
C3-symmetric homooxacalix[3]arene scaffold. The information obtained in this work can 
be considered an interesting contribution to the understanding of the blocking heavy 
atom effect and could be particularly useful in the design of new fluorescence 
enhancement chemosensors for HTM ions. 
3.4 Experimental Section 
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3.4.1 General  
Unless otherwise stated, all reagents used were purchased from commercial 
sources and used without further purification. All solvents used were dried and 
distilled by the usual procedures before use. All melting points were determined using 
a Yanagimoto MP-S1. 1H NMR and 13C NMR spectra were recorded on a Nippon 
Denshi JEOL FT-300 NMR spectrometer and a Varian-400MRvnmrs400 with SiMe4 
as an internal reference: J-values are given in Hz. IR spectra were measured as KBr 
pellets or as liquid films on NaCl plates in a Nippon Denshi JIR-AQ2OM 
spectrophotometer. UV spectra were measured by a Shimadzu UV-3150UV-vis-NIR 
spectrophotometer. Fluorescence spectroscopic studies of compounds in solution were 
performed in a semi-micro fluorescence cell (Hellma®, 104F-QS, 10 × 4 mm, 1400 
μL) with a Varian Cary Eclipse spectrophotometer. Mass spectra were obtained on a 
Nippon Denshi JMS-01SG-2 mass spectrometer at an ionization energy of 70 eV 
using a direct inlet system through GLC. 
3.4.2 Materials 
Compounds 19 and 1-azidomethylpyrene19 were prepared following the reported 
procedures. 
3.4.2.1 Synthesis of compound 2  
A solution of compound 1 (300 mg, 0.34 mmol), propargyl bromide (134 mg, 1.12 mmol) 
in acetone (50 mL) and K2CO3 (470 mg, 3.4 mmol) were heated at reflux for 24 h. The 
solvent was evaporated and the residue partitioned between 10% HCl and CH2Cl2. The 
organic layer was separated and dried (MgSO4) and the solvents were evaporated. The 
residue was purified by column chromatography on silica gel with chloroform as eluent to 
yield the desired compound 2 (224 mg, 76 %). M.p. 131–132°C. 1H NMR (400 MHz, 
CDCl3): δ = 1.12–1.21 (dt, 18H, NCH2CH3), 2.51 (s, 3H, –C≡CH), 3.28–3.41 (dq, 12H, 
NCH2CH3), 4.49–4.52 (d, 6H, ArCH2(eq)O, J = 13.2 Hz), 4.66 (s, 6H, ArO–CH2), 4.86 (s, 
6H, C=O–OCH2), 4.87–4.91 (d, 6H, ArCH2(ax)O, J = 13.2 Hz), 7.58 (s, 6H, ArH). 13C NMR 
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(100 MHz, CDCl3) δ = 12.98, 14.32, 40.11, 41.06, 52.19, 68.93, 72.26, 74.72, 78.13, 125.08, 
131.86, 132.03, 159.90, 164.72, 166.84. HRMS m/z Calcd for C54H64N3O15 [M+H]
+: 
994.4337 Found: 994.4335 [M+H]+. 
3.4.2.2 Synthesis of compound L 
Copper iodide (10 mg) was added to compound 2 (200 mg, 0.20 mmol) and 1-
azidomethylpyrene (170 mg, 0.66 mmol) in a 30 mL mixture of THF/H2O (5:1, v/v) and the 
mixture was heated at 70 °C for 24 h. The resulting solution was cooled and extracted twice 
with CH2Cl2. The organic layer was dried over MgSO4 and the solvent was removed under 
reduced pressure. The residue obtained was purified over a silica gel column eluting with 
ethyl acetate to afford the desired material L (242 mg, 72 %) as a white solid. M.p. 184–
185 °C. 1H NMR (400 MHz, CDCl3): δ = 1.06–1.12 (q, 18H, NCH2CH3), 3.18–3.34 (dq, 
12H, NCH2CH3), 3.93–3.96 (d, 6H, ArCH2(eq)O, J = 12.8 Hz), 4.45 (s, 6H, ArO–CH2), 
4.58–4.61 (d, 6H, ArCH2(ax)O, J = 12.8 Hz), 5.18 (s, 6H, C=O–OCH2), 5.96 (s, 6H, 
triazole–CH2–pyrene), 7.12 (s, 6H, ArH), 7.68–7.81 (m, 21H, pyrene–H (18H) and triazole–
H (3H); overlapped), 7.87–7.89 (d, 3H, pyrene–H, J = 8.0 Hz), 7.93–7.95 (d, 3H, pyrene–H, 
J = 8.0 Hz), 8.03–8.05 (d, 3H, pyrene–H, J = 8.0 Hz). 13C NMR (100 MHz, CDCl3) δ = 
12.91, 14.21, 39.96, 40.89, 51.94, 57.97, 68.68, 71.96, 121.76, 123.99, 124.36, 124.48, 
124.61, 124.71, 125.32, 125.42, 125.88, 126.79, 126.85, 127.40, 127.75, 128.51, 130.13, 
130.72, 131.57, 131.70, 131.77, 143.54, 159.96, 165.21, 166.81. HRMS m/z Calcd for 
C105H97N12O15 [M+H]
+: 1766.7230 Found: 1766.7228 [M+H]+. 
The monomeric compound M was also synthesized in 78 % yield as a reference 
compound by following a similar protocol. M.p. 66–67 °C. 1H NMR (400 MHz, CDCl3): δ = 
1.10–1.21 (dt, 6H, NCH2CH3), 3.32–3.41 (m, 4H, NCH2CH3), 4.68 (s, 2H, ArO–CH2), 5.32 
(s, 2H, C=O–OCH2), 6.25 (s, 2H, triazole–CH2–pyrene), 6.87–6.89 (d, 2H, ArH, J = 8.0 Hz), 
7.45 (s, 1H, triazole–H), 7.88–7.90 (d, 2H, ArH, J = 8.0 Hz), 7.96–7.98 (d, 1H, pyrene–H, J 
= 8.0 Hz), 8.04–8.25 (m, 8H, pyrene–H). 13C NMR (100 MHz, CDCl3) δ = 12.74, 14.26, 
40.34, 41.48, 52.38, 57.77, 67.18, 114.21, 121.82, 122.80, 123.69, 124.38, 124.89, 124.98, 
125.76, 125.86, 126.31, 126.56, 127.14, 127.60, 128.23, 128.99, 129.20, 130.48, 131.08, 
131.73, 132.08, 143.35, 161.90, 165.81, 166.16. HRMS m/z Calcd for C33H31N4O4 [M+H]
+: 
547.2345 Found: 547.2344 [M+H]+. 
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3.4.3 General Procedure for the UV-vis and Fluorescence Titrations 
For absorption or fluorescence measurements, compounds were dissolved in acetonitrile 
to obtain stock solutions (1 mM). The stock solutions were diluted with acetonitrile to the 
desired concentration. Stock solutions (10−3 M) of perchlorate salts (Li+, Na+, K+, Cs+, Ag+, 
Cu2+, Pb2+, Zn2+, Co2+, Ni2+, Cr3+, Al3+, Cd2+, Hg2+, Fe2+ and Fe3+) were prepared with water. 
In titration experiments, typically, aliquots of freshly prepared standard solutions (10−3 M to 
10−6 M) of various analytes in water were added to record the UV–vis and fluorescence 
spectra. The fluorescence spectra were performed with the excitation wavelength 343 nm. 
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Chapter 4 
Click-modified Hexahomotrioxacalix[3]arenes as 
Fluorometric and Colorimetric Dual-modal Chemosensors 
for 2,4,6-Trinitrophenol 
 
 
 
 
 
 
 
 
 
This chapter described a new type of chemosensor-based approach to the detection of 2,4,6-
trinitrophenol (TNP). Two hexahomotrioxacalix[3]arene-based chemosensors were 
synthesized through click chemistry, which exhibited high binding affinity and selectivity 
toward TNP as evidenced by UV-vis and fluorescence spectroscopy studies. 
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4.1 Introduction 
The design of chemosensors that are able to selectively recognize and sense 
specific analytes is an attractive research area in supramolecular chemistry.1 In 
particular, the rapid and accurate detection of nitro-containing explosives is a high 
priority for security and health/environmental issues.2 Various analytical techniques 
such as gas chromatography coupled with different detectors,3 high performance 
liquid chromatography,4 ion-mobility spectroscopy,5 Raman or surface enhanced 
Raman spectroscopy,6 electrochemical methods7 and fluorescence spectroscopy8 have 
been used for the detection of nitro-containing explosives. Among these techniques, 
fluorescence-based detection offers several advantages over other analytical methods 
with respect to high sensitivity, specificity, and real-time monitoring with fast 
response times.9 To date, considerable effort has been devoted to the development of 
fluorescence sensing materials to detect nitro-containing explosives.10 Even though 
several π-conjugated polymers11 and metal-organic frameworks12 have been employed 
to detect nitro-containing explosives, the development of reliable and efficient organic 
chemosensors possessing high selectivity for nitro-containing explosives remains a 
very challenging task.13 
Calixarenes are ideal frameworks for the development of chemosensors in the molecular 
recognition of chemical and biological targets of interest since the incorporation of a suitable 
sensory group into the calixarene results in a tailored chromogenic receptor.14 In particular, 
since Sharpless et al. developed click chemistry as a new coupling strategy in 2001,15 
numerous calixarene derivatives incorporating click-derived triazoles have been reported, 
which can be used as metal ions chemosensors via coordination at nitrogen atom.16 However, 
these fluorescence systems have scarcely been exploited for the sensing of nitro-containing 
explosives. As a matter of fact, given the strong dipolar character of the triazole ring, the C–
H bond of the heterocycle makes a surprisingly good hydrogen bond donor.17 On the other 
hand, nitro-containing explosives often act as good electron acceptors due to the presence of 
electron withdrawing nitro (-NO2) group/s.
18 Considering these two opposite properties of 
triazole and nitro-containing explosives, one might consider if noncovalent interactions exist 
between them?  
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In molecular recognition processes, noncovalent interactions such as hydrogen bonding, 
aromatic π-stacking and weak intermolecular interactions play a crucial role. With this in 
mind, can we utilize the click-derived triazole to design chemosensors for nitro-containing 
explosive sensing? Herein, we report two triazole-modified hexahomotrioxacalix[3]arenes 1 
and 2 as a new type of chemosensor for the selective detection of 2,4,6-trinitrophenol (TNP) 
explosive. To the best of our knowledge, this is the first report where a triazole-modified 
hexahomotrioxacalix[3]arene serves as a selective chemosensor for TNP. 
4.2 Results and Discussion 
4.2.1 Syntheses of Fluorescent Chemosensor 1 and 2 
  
Scheme 1. The synthetic route of fluorescent chemosensor 1 and 2. 
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Figure 1. The 1H NMR spectra of chemosensors 1 and 2. 
The synthetic route for chemosensor 1 and 2 is described in Scheme 1. The Cu(I)-
catalyzed 1,3-dipolar cycloaddition reaction of compound 3 or 4 with 1-azidomethylpyrene 
under Click conditions afforded the desired chemosensor 1 and 2 in the yield of 63 % and 
72 %, respectively. 1H NMR spectra (Figure 1) of 1 showed the disappearance of the three 
terminal alkyne protons, whereas the new singlet appearing around δ = 7.21 ppm was 
attributed to the protons of the newly formed triazole groups. Moreover, the other peaks were 
observed as three singlets assignable to the protons in the ArOCH2, triazole–CH2, and 
aromatic protons, and a AB quartet for the ArCH2OCH2Ar methylene protons. These findings 
supported the conclusion that the hexahomotrioxacalix[3]arene skeleton was immobilized in 
the cone conformation. These spectral properties also indicated that 1 possesses a C3 
symmetry, which was further corroborated by the 13C NMR spectrum. 1 should theoretically 
show a partial-cone conformation, but interestingly the conformation converted from the 
Wu Chong                                                                                                             Saga University, Japan 
- 76 - 
 
partial-cone 3 to cone 1 during the ‘click’ reaction. In this process, the Cu(I) might be 
employed as a metal template, which can hold the alkyne groups on the same side of the 
hexahomotrioxacalix[3]arene and the conformation was immobilized to the cone.19 The Cu(I) 
not only catalyzed the cycloaddition of alkynes and azides, but also produced a metal 
template effect. It is worth highlighting that this synthesis approach opens up a new strategy 
to synthesize the cone conformational hexahomotrioxacalix[3]arene derivatives. 
4.2.2 Fluorescence and UV-vis Spectroscopy Studies 
Sensors 1 and 2 exhibited almost identical spectral features (UV−vis and fluorescence). 
The UV−vis absorption spectra displayed absorption bands characteristic of pyrene with 
absorption maximum at 328 and 343 nm, while their emission spectra exhibited strong bands 
with excimer emission maximum at 484 nm upon excitation at 343 nm. To explore the 
potential application of compounds 1 and 2 as chemosensors for the detection of nitro-
containing explosives, several analytes were used for fluorescence titration experiments. The 
fluorescence titration of 1 and 2 with TNP revealed that the fluorescence emission intensity 
rapidly died down upon addition of increasing amounts of TNP (Figure 2); the decrease in 
fluorescence emission could be readily observed under illumination at 365 nm (Figure 2a, 
insert). These results implied that there are strong interactions between the sensors and TNP, 
and that the quenching of fluorescence emission might occur due to the formation of a 
possible non-fluorescent complex. Based on the fluorescence titration results, the Stern–
Volmer plot was found to be linear at lower concentrations (up to 100 μM, Figure 3a), which 
indicates that fluorescence quenching involves a static quenching mechanism at lower 
concentrations of TNP. The Stern–Volmer constants were calculated to be Ksv = 2.23 × 104 
M−1 (1) and Ksv = 1.04 × 10
4 M−1 (2), respectively. In particular, at higher concentrations, the 
plot was found to be a hyperbolic curve (Figure 3b), which may be attributed to a 
combination of both static and dynamic (collision) quenching.20 
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Figure 2. Fluorescence emission spectra of (a) 1 and (b) 2 upon the addition of increasing concentrations 
of TNP in CH3CN. λex = 343 nm. The inset shows the fluorescence color of chenmosensor 1 before and 
after the addition of TNP. 
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Figure 3. (a) Stern–Volmer plots for the titration of sensors 1 and 2 with TNP at lower concentrations (up 
to 100 μM); (b) The Stern–Volmer plot of sensor 1 with varied concentrations of TNP. 
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Figure 4. Reduction in fluorescence intensity (plotted as quenching efficiency) seen upon the addition of 
100 equiv. of analytes. 4-HBA = 4-hydroxybenzoic acid, EHB = ethyl 4-hydroxybenzoate, NM = 
nitromethane, 4-NBA = 4-nitrobenzoic acid, 4-NAP = 4-nitroacetophenone, NB = nitrobenzene, 4-NT = 4-
nitrotoluene, 1,3-DNB = 1,3-dinitrobenzene, 2,4-DNT = 2,4-dinitrotoluene, TNT = 2,4,6-trinitrotoluene, 
4-NP = 4-nitrophenol and TNP = 2,4,6-trinitrophenol. 
The relative fluorescence quenching efficiencies of various analytes towards sensors 1 
and 2 are summarized in the bar diagram (Figure 4). The quenching efficiency was high for 
the electron deficient nitroaromatic compounds having an acidic -OH group. The order of the 
quenching efficiency was found to be TNP > NP, which is in complete agreement with the 
order of acidity of these analytes (TNP > NP). This may explain the unprecedented 
selectivity for TNP, as other nitro-compounds do not have a hydroxyl group and so they 
cannot interact strongly with the chemosensor and so result in a very low quenching effect. 
TNP, with its highly acidic hydroxyl group, interacts strongly with the chemosensor and 
results in very high fluorescence quenching. These results demonstrate that both 
chemosensors 1 and 2 have high selectivity for TNP compared to other nitro-compounds. 
Importantly, the detection limit for TNP lies in the ppb range (70 ppb for sensor 1) 
(Figure 5) and the response time is very fast (seconds). Moreover, the extent of emission 
quenching of 1 in the presence of 100 equiv. of TNP after 10 seconds was practically 
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Figure 5. Plot for the detection limit of sensor (a) 1 and (b) 2 with TNP. Detection limit (DL) was 
calculated using the formula: DL = CL × ET. (CL = Concentration of Ligand; ET = Equiv. of Titrant at 
which change observed).  
identical to that after 2 hours (Figure 6). These experimental results demonstrate that 
compounds 1 and 2 can be used as fluorescent sensor for TNP detection. Furthermore, 1 and 
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2 behave as better TNP sensor compared with many previous sensors reported in 
terms of selectivity, sensitivity and detection limit. This analyte-induced reduction in 
emission intensity is ascribed to the formation of charge-transfer complexes between the 
electron donor (chemosensor) and the electron acceptor (analyte).21 Such a mechanistic 
rationale is consistent with previous reports in which it was suggested that 
thermodynamically favourable exciplex formation between a fluorophore and a quencher 
involves strong coupling of the respective π electrons, which in turn leads to deactivation of 
the fluorophore excited singlet state.22 
 
Figure 6. Plot of the quenching efficiency of 1 as a function of time in the presence of 100 equiv. of TNP. 
The high sensitivity of sensor 1 towards TNP and the non-linear nature of the Stern–
Volmer plot for TNP suggested that an energy transfer process might also be involved in the 
quenching process. As a matter of fact, when the absorption band of the non-emissive analyte 
display overlaps with the emission spectra of the fluorophore, resonance energy transfer can 
effectively occur.23 As shown in Figure 7, a distinct spectral overlap of the absorption 
spectrum of TNP and the emission spectrum of sensor 1 over the range 375–475 nm was 
observed. In particular, there is a larger spectral overlap when TNP exists as picrate in 
the presence of the amine. Resonance energy transfer from sensor to picrate could 
make an additional contribution to the fluorescence quenching process.24 Therefore, in 
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solution both charge-transfer and resonance energy transfer contributed to the amplified 
quenching of fluorescence of the present systems. 
 
Figure 7. Spectral overlaps between absorption spectra of TNP (green line), TNP in the presence of amine 
(blue line) and the emission spectrum of 1 (red line). 
Efforts were also made to determine whether sensor 1 could be used as a naked-eye 
detectable colorimetric chemosensor for TNP. As shown in Figure 8 (insert), on addition of 
TNP to solutions of 1, a remarkable and easily visible color change was observed from pale 
yellow to reddish orange, which indicated the formation of the 1•TNP complex. This color 
change is characterized by corresponding changes in the UV-Vis absorption spectrum. UV-
Vis absorption titrations of 1 and 2 with TNP showed a steady increase in the peak intensity 
on increasing the concentration of TNP (Figure 8). It thus provides further support for the 
proposed charge-transfer interaction between the electron-rich receptor and the electron 
deficient analyte and is consistent with the proposed charge-transfer based fluorescence 
quenching. According to the titration results, a linear relationship between the absorption 
intensity (at 343 nm) and concentration of TNP was observed (Figure 9), which indicates that 
chemosensor 1 and 2 can be used for colorimetric detection of TNP. 
 
Wu Chong                                                                                                             Saga University, Japan 
- 83 - 
 
 
 
Figure 8. Change in absorption spectra of sensor (a) 1 and (b) 2 with the addition of TNP in 
CH3CN. Inset: visual colour change due to the formation 1•TNP complex. 
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Figure 9. The relative absorption intensity change (343 nm) of sensor (a) 1 and (b) 2 to the different 
concentration of TNP. 
In order to employ the detection in a feasible method, a test strip was conveniently 
prepared by dip coating a solution of 1 onto a filter paper and then subsequently drying in air. 
As shown in Figure 10, with the increase of TNP, there was an obvious difference of 
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quenching. When the concentration of TNP reached the 0.5 mM level, the fluorescence was 
completely quenched. 
 
Figure 10. Photographs (under 365 nm UV light) of the fluorescence response of 1 on test strips after 
contact with various concentrations of TNP: (A) 0.0 μM, (B) 5.0 μM, (C) 10.0 μM, (D) 100.0 μM 
and (E) 0.5 mM. 
4.2.3 Proton NMR Titration Analysis 
To explore the mechanism and to identify the actual binding position of TNP, 1H NMR 
titrations involving TNP and sensors 1 and 2 were performed. As shown in Figure 11, the 
signals of Ha, Hb and Hc were clearly shifted downfield upon the addition of 15 equiv. of 
TNP into the solution of sensor 1 (∆δ = 0.17, 0.47 and 0.14 ppm, respectively). In the case 
of sensor 2, upon addition of 30 equiv. of TNP to the solution of 2, the peaks for Ha, 
Hb and Hc exhibited a similar but smaller downfield shift by ∆δ = 0.17, 0.33 and 0.13 ppm, 
respectively (Figure 12). From the spectral shifts, it was observed that proton Hb underwent 
the maximum chemical shift, whereas protons Ha and Hc proximal to the triazole rings 
underwent a smaller chemical shift. These downfield shifts were ascribed to TNP 
withdrawing electron density from the sensor. The significant change in the chemical shift of 
proton Hb suggested that the C–H bond of the triazole group acts as the receptor site. It is 
possible that CH⋯O hydrogen bonding between Hb and TNP was formed, thus a plausible 
binding mode between 1 and TNP is presented (Figure 13). Hence, these results clearly 
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indicate that intermolecular charge transfer takes place between the sensor and TNP. 
Based on the differences in the induced fluorescence quenching response, greater 
changes in the chemical shift for sensor 1 were seen upon the addition of TNP than for 
sensor 2 (for the same number of molar equivalents). It suggests that sensor 1 is more 
effective and sensitive for the detection of TNP in comparison to sensor 2. 
 
Figure 11. The 1H NMR spectra of 1 (5.0 mM) upon titration with TNP in CDCl3. (a) 1 only, (b c d 
and e) in the presence of 1.0, 5.0, 10.0 and 15.0 equiv. of TNP, respectively. 
 
Figure 12. The 1H NMR spectrum of 2 (5.0 mM) upon titration with TNP in CDCl3. (a) 2 only, (b c d and 
e) in the presence of 1.0, 5.0, 10.0 and 30.0 equiv. of TNP, respectively. 
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Figure 13. Plausible binding mode between 1 and TNP. 
4.3 Conclusions 
In summary, we have designed and synthesized two click-modified 
hexahomotrioxacalix[3]arenes 1 and 2, each of which can be utilized as fluorometric and 
colorimetric chemosensor for 2,4,6-trinitrophenol. Chemosensor 1 and 2 exhibited high 
binding affinity and selectivity toward 2,4,6-trinitrophenol as evidenced by UV-vis and 
fluorescence studies. 1H NMR spectroscopic titrations revealed 1•TNP complex formed via 
CH⋯O hydrogen bonding interaction. As a general design strategy, structural modifications 
by click chemistry may allow us to develop further chemosensor candidates for the future 
detection of nitro-containing explosives. 
4.4 Experimental Section 
4.4.1 General  
Unless otherwise stated, all reagents were purchased from commercial sources and 
used without further purification. All solvents were dried and distilled by the usual 
procedures before use. Melting points were determined using a Yanagimoto MP-S1. 
1H NMR and 13C NMR spectra were recorded on a Nippon Denshi JEOL FT-300 
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NMR spectrometer and a Varian-400MRvnmrs400 with SiMe4 as an internal 
reference: J-values are given in Hz. IR spectra were measured as KBr pellets or as 
liquid films on NaCl plates in a Nippon Denshi JIR-AQ2OM spectrophotometer. UV 
spectra were measured by a Shimadzu UV-3150UV-vis-NIR spectrophotometer. 
Fluorescence spectroscopic studies of compounds in solution were performed in a 
semi-micro fluorescence cell (Hellma®, 104F-QS, 10 × 4 mm, 1400 μL) with a 
Varian Cary Eclipse spectrophotometer. Mass spectra were obtained on a Nippon 
Denshi JMS-01SG-2 mass spectrometer at an ionization energy of 70 eV using a 
direct inlet system through GLC. Elemental analyses were performed by a Yanaco 
MT-5. 
4.4.2 General Procedure for Synthesis of Chemosensor 1 and 2 
Compound 325 and 426 were prepared following the reported procedures. A solution of 1-
azidomethylpyrene (230 mg, 0.89 mmol) and copper iodide (10 mg) was added to 3 (185 mg, 
0.27 mmol) or 4 (200 mg, 0.27 mmol) in THF/H2O (v/v, 5:1, 30 mL), respectively, and the 
heterogeneous mixture was stirred at 70 °C for 24 h. The resulting solution was cooled and 
extracted twice with CH2Cl2. The organic extracts were combined, dried over MgSO4, and 
then evaporated to give the solid crude products. Column chromatography on silica gel 
eluting with 1:1 hexane/chloroform gave white solid compounds 1 and 2 in 63 % and 72 % 
yield, respectively. 
Compound 1. Mp. 139–141°C. 1H NMR (400 MHz, CDCl3): δ = 0.97 (s, 27H, tBu), 4.21 
(s, 6H, ArO–CH2–triazole), 4.23–4.34 (AB q, 12H, ether bridge, J = 10.8 Hz), 5.75 (s, 6H, 
triazole–CH2–pyrene), 6.78 (s, 6H, ArH), 7.21 (s, 3H, triazole–H), 7.62–7.64 (d, 3H, pyrene–
H, J = 7.6 Hz), 7.80–7.93 (m, 18H, pyrene–H), 7.99–8.00 (d, 3H, pyrene–H, J = 7.6 Hz), 
8.07–8.10 (d, 3H, pyrene–H, J = 9.2 Hz). 13C NMR (100 MHz, CDCl3) δ = 31.4, 34.1, 51.7, 
66.8, 69.5, 121.9, 123.4, 124.1, 124.5, 124.7, 125.4, 125.5, 125.9, 126.0, 127.0, 127.2, 127.3, 
127.9, 128.6, 128.7, 130.2, 130.8, 130.9, 131.6, 144.2, 146.2, 152.1. MS: m/z 1462.68 (M+). 
Anal. Calcd for C96H87N9O12 (1462.77): C 78.82, H 5.99, N 8.62. Found: C 78.99, H 6.14, N 
8.47. 
Compound 2. Mp. 214–216 °C. 1H NMR (400 MHz, CDCl3): δ = 1.27–1.31 (t, 9H, 
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COOCH2CH3, J = 6.8 Hz), 4.17–4.20 (d, 6H, ArCH2(eq)O, J = 13.2 Hz), 4.19–4.24 (q, 6H, 
COOCH2CH3, J = 6.8 Hz), 4.31 (s, 6H, ArO–CH2–triazole), 4.31–4.34 (d, 6H, ArCH2(ax)O, 
J = 13.2 Hz), 5.78 (s, 6H, triazole–CH2–pyrene), 7.29 (s, 3H, triazole–H), 7.39 (s, 6H, ArH), 
7.64–7.66 (d, 3H, pyrene–H, J = 8.0 Hz), 7.80–7.88 (m, 12H, pyrene–H), 7.90–7.94 (t, 6H, 
pyrene–H, J = 8.0 Hz), 7.98–8.00 (d, 3H, pyrene–H, J = 8.0 Hz), 8.02–8.04 (d, 3H, pyrene–
H, J = 8.0 Hz). 13C NMR (100 MHz, CDCl3) δ = 14.3, 51.8, 60.6, 66.9, 68.9, 121.7, 123.4, 
124.1, 124.6, 124.7, 125.5, 125.6, 126.1, 126.1, 126.9, 127.0, 127.3, 127.9, 128.6, 128.7, 
130.2, 130.8, 131.1, 131.7, 131.8, 143.6, 158.2, 165.4. FABMS: m/z 1510.56 (M+), 
1511.57(M+H+). Anal. calcd for C93H75N9O12 (1510.64): C 73.94, H 5.00, N 8.34. found: C 
73.89, H 5.04, N 8.36. 
4.4.3 General Procedure for the UV-vis and Fluorescence Titrations 
For absorption or fluorescence measurements, compounds were dissolved in acetonitrile 
to obtain stock solutions (1 mM). The stock solutions were diluted with acetonitrile to the 
desired concentration. In titration experiments, typically, aliquots of freshly prepared 
standard solutions (10−3 M to 10−6 M) of various analytes in acetonitrile were added to record 
the UV–vis and fluorescence spectra. 
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Summary 
Fluorescent chemosensors are widely used as powerful tools to detect neutral and ionic 
species owing to their high sensitivity, selectivity, versatility, and relatively simple handling. 
On the other hand, calixarenes have been extensively used as molecular platforms for the 
design and construction of different kinds of excellent receptors in molecular recognition by 
easy chemical modifications. Compared to other molecular systems, calixarenes have some 
advantages such as a hydrophobic cavity and easy functionalization at the upper or lower 
rims; moreover, the flexible core can be modified for well-defined substrate binding. As a 
new generation of calixarenes, hexahomotrioxacalix[3]arenes are related to both calixarenes 
and crown ethers, and possess a three-dimensional cavity with a C3 symmetric structure. This 
last feature can provide a suitable binding environment for species that require trigonal-
planar, tetrahedral or octahedral coordination. Furthermore, the flexibility of the macrocycles 
can allow them to establish ideal bond distances and angles to bind such species. In other 
words, use of the hexahomotrioxacalix[3]arene as the platform has potential application in 
the development of novel fluorescence chemosensors. 
The Cu(I)-catalyzed 1,3-dipolar cycloaddition of alkynes and azides (‘Click’ reaction) 
has provided a straightforward molecular linking strategy adopted in a wide range of 
synthetic applications. The resulting 1,2,3-triazole group served not only as an efficient 
covalent linker, but also a binding site for specific metal cations and anions. Thus, various 
calixarene-based fluorescent sensors have been designed and synthesized by using click 
chemistry. Fluorophores such as anthracene, pyrene, pyridine, Schiff base, naphthalene, and 
quinoline have been efficiently coupled to the upper and lower rims of calixarenes by means 
of click reactions and showed good performance as fluorescent chemosensors.  
Thus, against this background, a series of hexahomotrioxacalix[3]arene-based fluorescent 
chemosensors were designed and synthesized in this dissertation. The sensitivity and 
selectivity properties of these chemosensors to the target analyte were carefully evaluated. 
In chapter 1 a shortly review focus on the development of fluorescence chemosensors 
based on calixarene derivatives. Calixarenes have been shown to be useful molecular 
scaffold in the development of fluorescent chemosensors especially for metal ion recognition. 
Most calixarene-based fluorescent chemosensors have been designed based on photophysical 
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changes upon metal ion binding and their mechanisms include photoinduced electron transfer 
(PET), photoinduced charge transfer (PCT), formation of monomer/excimer, and 
fluorescence resonance energy transfer (FRET). In recent years, researchers have found that 
click chemistry can easily couple photoelectric groups to calixarenes. Taking advantage of 
the easily-synthesized triazole binding site and the highly selective nature of the alkyne-azide 
cycloaddition, the click reaction is a general method to introduce various functional 
groups/moieties to the upper or lower rim of calixarenes. However, Click chemistry has been 
scarcely exploited for the functionalization of the hexahomotrioxacalix[3]arene scaffold. 
In chapter 2, we designd and synthesized a quinoline-functionalized 
homooxacalix[3]arene via Click chemistry. The chemosensor exhibited a high selectivity and 
anti-disturbance for Fe3+ amongst environmentally and biologically relevant metal ions, 
leading to a prominent ‘off-on’ type fluorescent signalling behaviour. Before coordinating 
with Fe3+, free sensor exhibited weak fluorescence because of the lone electron pairs of the 
nitrogen atom in the triazole moieties being located adjacent to the quinoline fluorophores, 
which resulted in an intramolecular photo-induced electron transfer (PET). When the sensor 
was coordinated with Fe3+, the non-radiative channel was inhibited simultaneously, and thus 
the Fe3+-complex exhibited the enhanced fluorescence. Thus, the chemosensor could be serve 
as a high selective and sensitive fluorescent chemosensor for Fe3+. 
Following the same interest, in chapter 3, upper rim pyrene-functionalized 
hexahomotrioxacalix[3]arene L and a non-calixarene analogue M were further obtained. 
Chemosensor L exhibited a significant fluorescence quenching response to Hg2+ in CH3CN 
solution, which was unaffected by the coexistence of other competitive metal cations. 
Interestingly, the quenched fluorescence emission can be successfully revived upon the 
addition of water. In this process, the heavy atom effect of Hg2+ can be blocked by further 
coordination of water molecule and resulted in the revival of the fluorescence emission of 
L/Hg2+ complex. The heavy atom effect and blocking thereof were demonstrated within the 
same system by the use of a C3-symmetric homooxacalix[3]arene scaffold. 
In particular, nitroaromatics often act as good electron acceptors due to the presence of 
electron withdrawing nitro (-NO2) group/s. On the other hand, given the strong dipolar 
character of the triazole ring, the C–H bond of the heterocycle makes a surprisingly good 
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hydrogen bond donor. The opposite properties of triazole and nitroaromatics promoted us to 
design chemosensors for nitroaromatics sensing via the Click chemistry.  
In chapter 4, we have designed and synthesized two click-modified 
hexahomotrioxacalix[3]arene chemosensors, each of which can be utilized as fluorometric 
and colorimetric chemosensor for 2,4,6-trinitrophenol. They exhibited high binding affinity 
and selectivity toward 2,4,6-trinitrophenol as evidenced by UV-vis and fluorescence 
spectroscopy studies. 1H NMR titration analysis verified that CH⋯O hydrogen bonding is 
demonstrated as the mode of interaction, which possibly facilitates effective charge-transfer. 
As a general design strategy, structural modifications by click chemistry may allow us to 
develop further chemosensor candidates for the future detection of nitro-containing 
explosives. 
In summary, several hexahomotrioxacalix[3]arene-based fluorescent chemosensors were 
designed and synthesized via Click chemistry. These chemosernsors exhibited excellent 
selective recognition towards specific guest molecules. Hexahomotrioxacalix[3]arene with its 
unique C3 symmetry is beneficial to the design and synthesis of highly selective 
chemosensors. We expect that the present design strategy and the remarkable photophysical 
properties of these chemosensors will help to extend applications of homooxacalix[3]arene-
based fluorescent chemosensors for heavy metal ions and nitroaromatics detection. 
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